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ABSTRACT 

Work i s  r e p o r t e d  on s t u d i e s  o f  t h e .  c a t h o d i c  re-  
d u c t i o n  o f  c a r b o n  d i o x i d e  w i t h  s i m u l t a n e o u s  a n o d i c  
p r o d u c t i e r .  ef breathizg oxygen from aqueous  s o l i i t i o n s .  

f o r  p o s s i b l e  o r g a n i c  p r o d u c t s  s u c h  as f o r m i c  a c i d ,  
fo rma ldehyde ,  me thano l  and  methane ,  
on t h e  c h e m i c a l  and gas  c h r o m a t o g r a p h i c  p r o c e d u r e s  
a d o p t e d  f o r  r o u t i n e  a n a l y s i s ,  

S t u d i e s  i n c l u d e d  t h o s e  o f  a n a l y t i c a l  p r o c e d u r e s  

Detai ls  a re  g i v e n  

De ta i l s  o f  s t u d i e s  o f  v a r i o u s  p a r a m e t e r s  n o r m a l l y  
i n f l u e n c i n g  c a t h o d i c  r e d u c t i o n  a re  given., 
found  t h a t  u s e  o f  mercury c a t h o d e s  and e l e c t r o l y t e s  of 
e i t h e r  Li2S04,  K Z S O f ,  Na2S04 o r  BeS04 c o n s i s t e n t l y  gave  
r i s e  t o  r e d u c t i o n  o CO2 t o  f o r m i c  a c i d  w i t h  e f f i c i e n c i e s  
as h i g h  as 2 0 % ,  However, w h i l e  c o n c e n t r a t e d  f o r m i c  acid 
was r e d u c e d ,  f u r t h e r  r e d u c t i o n  o f  t h e  f o r m i c  a c i d  o f  
t h e  c o n c e n t r a t i o n s  up t o  1% o b t a i n e d  by  r e d u c t i o n  o f  
CO2 was n o t  o b t a i n e d ,  S i n c e  such  f u r t h e r  r e d u c t i o n  i s  
needed  f o r  good c o n t r o l  o f  s p a c e  c a p s u l e  a t m o s p h e r e s ,  
no  a t t e m p t  was made t o  d e v e l o p  a p r o t o t y p e  s y s t e m  f o r  
a t m o s p h e r e  con t ro l , ,  

I t  was 

4 d7- . f fbR 
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F i n a l  Repor t  

t o  

N a t i o n a l  A e r o n a u t i c s  and Space  A d m i n i s t r a t i o n  
Houston 1, Texas 

on 

ELECTROLYTIC PRODUCTION OF OXYGEN AND REBUCTIOIY CIF CARBON D I O X I D E  

I ,  I N T R O D U C T I O N  

The work pe r fo rmed  unde r  t h e  s u b j e c t  c o n t r a c t  i n v o l v e d  t h e  
i n v e s t i g a t i o n  o f  s c i e n t i f i c  p r i n c i p l e s  and p r o c e s s e s  f o r  t h e  a n o d i c  
p r o d u c t i o n  of b r e a t h i n g  oxygen and t h e  s i m u l t a n e o u s  c a t h o d i c  r e -  
d u c t i o n  of c a r b o n  d i o x i d e ,  A number o f  v a r i a b l e s  i n f l u e n c e  t h e s e  
p r o c e s s e s ,  i n c l u d i n g  c a t h o d e  c u r r e n t  d e n s i t y ,  c a t h o d e  material  and 
p h y s i c a l  s t r u c t u r e ,  t y p e s  of d i aphragms ,  e l e c t r o l y t e  c o m p o s i t i o n ,  
t e m p e r a t u r e ,  p r e s s u r e ;  and t h e s e  v a r i a b l e s  were s t u d i e d  a l o n g  w i t h  
methods  of  a n a l y s i s  f o r  t h e  v a r i o u s  p o s s i b l e  p r o d u c t s  o f  r e d u c t i o n .  
Detai ls  o f  t h e s e  s t u d i e s  were r e p o r t e d  i n  S t a t u s  R e p o r t s  I t h r o u g h  
V I  on t h e  s u b j e c t  c o n t r a c t  and a p a p e r  p r e p a r e d  f o r  p u b l i c a t i o n  i n  
P r o c e e d i n  s of  t h e  S m osium on S ace V e h i c l e  Thermal and Atmosphere 
ContrO T e o v e r a  r e s u  t o t h e s e  s t u d i e s  was t h e  es-  
--methods of a n a l y s i s  and t h e  
d e m o n s t r a t i o n  o f  r e d u c t i o n  of c a r b o n  d i o x i d e  t o  f o r m i c  a c i d  and 
o f  h i g h e r  c o n c e n t r a t i o n s  o f  f o r m i c  a c i d  t o  t r a c e  amounts o f  f o r m a l -  
dehyde  

T h i s  f i n a l  r e p o r t  i s  p r e s e n t e d  t o  summarize t h e  r e s u l t s  r e -  
p o r t e d  i n  t h e  S t a t u s  R e p o r t s ,  t o  c o l l a t e  t h e s e  r e s u l t s  and t h o s e  
r e p o r t e d  i n  t h e  l i t e r a t u r e  and t o  make a s s e s s m e n t  of t h e  p roposed  
p r o c e s s e s  and  o f  r e l a t e d  b u t  u n s t u d i e d  p r o c e s s e s .  
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11, CONCEPT 

C a t h o d i c  r e d u c t i o n  of  r e d u c i b l e  compounds i s  a s t a n d a r d  
e l e c t r o c h e m i c a l  p r o c e s s ,  I t  was c o n c e i v e d  t h a t  r e d u c t i o n  o f  car-  
bon d i o x i d e  t o  f o r m i c  a c i d ,  formaldehyde  o r  m e t h a n o l  migh t  be  
c o u p l e d  w i t h  a n o d i c  p r o d u c t i o n  of oxygen i n  an  aqueous  sys t em as 
a means of c o n t r o l  of a tmosphe res  i n  c o n f i n e d  s p a c e s ,  If  r e d u c i -  

b e  d e m o n s t r a t e d ,  c o m p l e t e  consumpt ion  o f  c a r b o n  d i o x i d e  and  f u l l  
p r o d u c t i o n  of human b r e a t h i n g  oxygen would b e  a t t a i n a b l e ,  T h i s  
is  b a s e d  on t h e  f a c t  t h a t  p r o d u c t i o n  o f  c a r b o n  d i o x i d e  r e p r e s e n t s  
u t i l i z a t i o n  of  8 2 %  of  t h e  humants  oxygen requi rement , ,  If oxygen 
were p roduced  from c a r b o n  d i o x i d e  mole p e r  mole ,  t h e n  82% of  t h e  
oxygen r e q u i r e m e n t  would b e  produced ,  T h i s  p r o c e s s  would be  ob-  
t a i n e d  i n  p r o d u c t i o n  o f  formaldehyde  a c c o r d i n g  t o  t h e  e q u a t i o n :  

b i l i t y -  tCr eq..-”^ u;rrrv:ar amounts of fm!!a?dehyde and methanol c o u l d  0 
I 
I 
8 
I 

( 1 )  C 0 2  + H 2 0  -> HCHO * O2 

P r o d u c t i o n  o f  123% of t h e  human oxygen r e q u i r e m e n t  would b e  ob- 
t a i n e d  from p r o d u c t i o n  of methanol  a c c o r d i n g  t o  t h e  e q u a t i o n :  

( 2 )  C 0 2  + 2 H Z O +  C H 3 0 H  + 3/2O2 

The sum o f  e q u a t i o n s  1 and 2 would t h e n  b e  

( 3 )  2 C 0 2  + 3M20~-> HCHO * CHaOH * S / Z O z  
t 
I 
I 
I 

Thus,  c a t h o d i c  r e d u c t i o n  o f  ca rbon  d i o x i d e  t o  e q u i m o l a r  amounts 
o f  f o r m a l d e h y d e  and me thano l  would be  an i n t e r e s t i n g  t o o l  f o r  a t -  
mosphere  c o n t r o l ,  r e s u l t i n g  i n  p r o d u c t i o n  of b r e a t h i n g  oxygen and  
i n  c o n v e r s i o n  of  c a r b o n  d i o x i d e  t o  l i q u i d  p r o d u c t s  w i t h  consumpt ion  
o f  water, which c o u l d  b e  o b t a i n e d  from r e c y c l e d  u r i n e  o r  from con-  
d e n s a t e  o f  c a b i n  a i r ,  An i n t r i g u i n g  e x t e n s i o n  i s  t h e  u s e  o f  t h e  
f o r m a l d e h y d e  and me thano l  t o  p r o d u c e  e d i b l e  ma te r i a l s  by s y n t h e s i s .  



3 
MSA I iesearcL C o r p o r a t i o n  

I I I , A N A L Y T I C A L  DEVELOPMENTS 

An i n v e s t i g a t i o n  of a n a l y t i c a l  methods  f o r  a n t i c i p a t e d  p r o -  
d u c t s  was c a r r i e d  o u t  c o n c u r r e n t l y  w i t h  t h e  e l e c t r o l y s i s  e x p e r i -  
men t s .  These a n t i c i p a t e d  p r o d u c t s  f rom t h e  r e d u c t i o n  of C 0 2  
i n c l u d e d  aqueous  s o l u t i o n s  c o n t a i n i n g  f o r m a l d e h y d e ,  f o r m i c  a c i d ,  
m e t h a n o l ,  m e t h y l a l  and p o s s i b l y  m e t h y l  f o r m a t e ;  and  g a s e o u s  p r o -  
d u c t s  s u c h  IS m e t h ~ n e ,  carbnr? dioxide, hydrngen, nxygen and c a r b n n  
d i o x i d e ,  A s  work p r a g r e s s e d  e x p e r i m e n t s  were c o n d u c t e d  w i t h  o r -  
g a n i c  s o l v e n t s  and i t  became n e c e s s a r y  t o  a n a l y s e  f o r  t h e  e lec-  
t r o l y s i s  p r o d u c t s  i n  t h e  p r e s e n c e  o f  v a r i o u s  o r g a n i c  s o l v e n t s ,  

The a n a l y t i c a l  methods  used  t o  m o n i t o r  t h e  e x p e r i m e n t a l  c e l l s  
were s e l e c t e d  i n  o r d e r  t o  f u l f i l l  two b a s i c  r e q u i r e m e n t s :  t h e  need  
f o r  r a p i d  q u a l i t a t i v e  t e s t s  i n  o r d e r  t o  f o l l o w  c l o s e l y  t h e  c o u r s e  
o f  t h e  e x p e r i m e n t s ,  and q u a n t i t a t i v e  methods  f o r  f i n a l  e v a l u a t i o n .  

Gas ch romatography  was adop ted  as  t h e  most  v e r s a t i l e  a n a -  
l y t i c a l  method, A t e s t i n g  program o f  v a r i o u s  column p a c k i n g s  was 
c a r r i e d  o u t  i n  o r d e r  t o  f i n d  a sys t em f o r  t h e  a n a l y s i s  o f  aqueous  
s o l u t i o n s  o f  t h e  e x p e c t e d  o r g a n i c s o  A s a t i s f a c t o r y  column was 
f o u n d  t h a t  a d e q u a t e l y  r e s o l v e d  me thy l  f o r m a t e ,  me thano l  , m e t h y l a l ,  
water and fo rma ldehyde  b u t  was n o t  e f f e c t i v e  f o r  f o r m i c  a c i d ,  The 
column a l s o  r e s o l v e d  v a r i o u s  o r g a n i c  s o l v e n t s  s u c h  as  d i o x a n e ,  
a c e t o n e ,  e t h e r s  and p y r i d i n e  which a l l o w e d  a n a l y s i s  o f  t h e  o r g a n i c  
e l e c t r o l y t e  s y s t e m s ,  Chemical methods f o r  f o r m i c  a c i d  were found  
n e c e s s a r y  

Gas ch romatography  was a l s o  u s e d  f o r  a n a l y s i s  o f  t h e  g a s  p h a s e  
c o n t a i n i n g  c a r b o n  monoxide,  methane,  hydrogen  and oxygen,  Carbon 
d i o x i d e  was a n a l y z e d ,  whennecessa ry ,  on a mass s p e c t r o m e t e r .  

A n a l y s i s  o f  E l e c t r o l y t e s  

A sample  up  t o  1 0  m l  was t a k e n  f rom t h e  c a t h o d e  o r  anode o f  
t h e  e l e c t r o l y s i s  c e l l ,  A q u a l i t a t i v e  t e s t  f o r  fo rma ldehyde  was 
made u s i n g  a m o d i f i e d  S c h i f f ' s  R e a g e n t O 2 3  
i n  an  i c e  b a t h  c o n t a i n i n g  10-50 ug o f  formaldehyde& 1 m l  of con-  
c e n t r a t e d  H2S04 was added ,  After a l l o w i n g  t o  c o o l ,  5 m l  o f  S c h i f f  
Reagent  ( F i s h e r  S c i e n t i f i c  C o o )  was added and t h e  s o l u t i o n  removed 
f rom t h e  i c e  b a t h ,  A b l u e  c o l o r  d e v e l o p s  a f t e r  s t a n d i n g ,  i n d i -  
c a t i n g  a p o s i t i v e  t e s t  f o r  fo rma ldehyde ,  A q u a n t i t a t i v e  r e s u l t  
up  t o  15 ug c o u l d  be  a t t a i n e d  by r e a d i n g  t h e  a b s o r p t i o n  on a 
p h o t o m e t e r  a t  570  t o  590  mu, 

To 5 m l  of sample  c o o l e d  

A q u a l i t a t i v e  t e s t  f o r  f o r m i c  a c i d  was a l s o  r u n  on t h e  sample .  
I n  t h e  a b s e n c e  o f  fo rma ldehyde ,  f o r m i c  a c i d  was r e d u c e d  t o  f o r m a l -  
dehyde  w i t h  magnesium i n  acid s o l u t i o n  and  t e s t e d  f o r  fo rma ldehyde  
w i t h  t h e  S c h i f f  Reagen t ,  To one  m l  o f  sample  immersed i n  a n  i ce  
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b a t h  was added a small c o i l  of magnesium ("80 mg), C o n c e n t r a t e d  
H SO4 was added d r o p w i s e  a t  the r a t e  o f  1 d r o p  p e r  m i n u t e  u n t i l  
t z e magnesium was c o m p l e t e l y  r e a c t e d ,  
f o r m a l d e h y d e  by a d d i n g  1 m l  of c o n c e n t r a t e d  H2S04 and 5 m l  of t h e  
S c h i f f  Reagen t ,  A p o s i t i v e  f o r m i c  a c i d  was i n d i c a t e d  by  a b l u e  
co lor , ,  I f  fo rma ldehyde  i s  p r e s e n t  i n  t h e  o r i g i n a l  s a m p l e ,  i t  can 
b e  removed by a d d i n g  a small  amount o f  p h e n y l h y d r a z i n e  h y d r o -  
c h l o r i d e  b e f o r e  r e d u c t i o n  w i t h  magnesiumo Methanol  d o e s  n o t  i n -  
t e r f e r e  w i t h  t h e  method,  

The s o l u t i o n  was t e s t e d  f o r  

After t h e  p r e l i m i n a r y  q u a l i t a t i v e  t e s t s  f o r  fo rma ldehyde  and  
f o r m i c  a c i d ,  t h e  r e m a i n i n g  sample r e q u i r e d  d i s t i l l a t i o n  i n  o r d e r  
t o  s e p a r a t e  t h e  i n o r g a n i c  s a l t s  b e f o r e  i n j e c t i o n  i n t o  t h e  chromato-  
g r a p h .  The sample  was made a c i d  w i t h  H2S04 and  d i s t i l l e d .  
sample  was t h e n  i n j e c t e d  i n t o  t h e  ch romatograph  f o r  t h e  q u a n t i t a t i v e  
a n a l y s i s  of fo rma ldehyde ,  methanol  o r  o t h e r  v o l a t i l e  o r g a n i c s  p r e s e n t .  

A 2 u l  

A Wi lkens  I n s t r u m e n t  and R e s e a r c h ,  I n c ,  A-90-P ch romatograph  
was u s e d  f o r  t h e  a n a l y s i s  w i t h  a 15  f t  l o n g  1 / 4  i n c h  d i a m e t e r  c o p p e r  
column packed  w i t h  1 0 %  E t h o f a t  6 0 / 2 5  (Armour I n d u s t r i a l  Co,) on 
40-60  mesh Columpak-T ( F i s h e r  S c i e n t i f i c  C o o ) ,  The h e l i u m  c a r r i e r  
g a s  f l o w r a t e  was 4 0  cc /min ,  column t e m p e r a t u r e  1 2 0 ° C ,  sample  i n -  
j e c t i o n  t e m p e r a t u r e  150°C and a sample  s i ze  o f  2 u l ,  The column 
a d e q u a t e l y  r e s o l v e d  t h e  f o l l o w i n g  compounds: m e t h y l  f o r m a t e ,  a c e t o n e ,  
e t h e r s ,  m e t h y l  a l c o h o l ,  m e t h a l y l ,  p e n t a n o n e ,  p y r i d i n e ,  a c e t o n i t r i l e ,  
water and fo rma ldehyde ,  I n d i v i d u a l  c a l i b r a t i o n s  f o r  me thano l  and 
f o r m a l d e h y d e  were made by i n j e c t i n g  known amounts  and  m e a s u r i n g  peak  
a rea ,  A s t o c k  s o l u t i o n  o f  fo rma ldehyde  was p r e p a r e d  by r e f l u x i n g  
p a r a - f o r m a l d e h y d e  i n  water f o r  two h o u r s  and f i l t e r i n g ,  The f o r -  
maldehyde  c o n c e n t r a t i o n  of t h i s  s t o c k  s o l u t i o n  was d e t e r m i n e d  by 
t h e  sodium s u l f i t e  method,  2 4  
d i l u t i o n s  w i t h  water ,  Aqueous fo rma ldehyde  and  m e t h a n o l  were d e -  
t e r m i n e d  i n  c o n c e n t r a t i o n s  as low as  0 , 1 % ,  

S t a n d a r d s  were p r e p a r e d  by  a p p r o p r i a t e  

Q u a n t i t a t i v e  a n a l y s i s  of f o r m i c  a c i d  was pe r fo rmed  on t h e  
e l e c t r o l y t e s  a t  t h e  end  of  t h e  r u n  by t h e  a l k a l i n e  o x i d a t i o n  o f  t h e  
f o r m a t e  w i t h  s t a n d a r d  KMn04, An a l i q u o t  o f  t h e  s o l u t i o n  t o  b e  
a n a l y z e d  was made a c i d  w i t h  H2S04 and d i s t i l l e d  i n t o  a Na2C03 
s o l u t i o n ,  The d i s t i l l a t e  was warmed s l i g h t l y  and an excess of N/10 
KMn04 was added ,  MnO p r e c i p i t a t e d  a s  t h e  f o r m a t e  was o x i d i z e d .  
A q u a n t i t y  o f  10 m l  o f  d i l u t e  H2S04 was added and an  excess of N/10 
o x a l i c  a c i d  was added  u n t i l  a l l  t h e  p r e c i p i t a t e  d i s s o l v e d ,  The 
excess o x a l i c  a c i d  was t i t r a t e d  w i t h  N/10 pe rmangana te  and t h e  f o r m i c  
a c i d  c o n t e n t  d e t e r m i n e d  by t h e  KMn04 r e q u i r e d ,  
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MSA R e s e a r c h  C o r p o r a t i o n  

A n a l y s i s  of Gas P h a s e s  

and t r a n s f e r r e d  t o  t h e  chromatograph  by a g a s - t i g h t  s y r i n g e  o r  
p a s s e d  d i r e c t l y  t h r o u g h  t h e  i n s t r u m e n t ' s  s a m p l i n g  v a l v e ,  

Where a p p l i c a b l e ,  g a s e s  were c o l l e c t e d  i n  a 200 m l  g a s  b u r e t  

A C o n s o l i d a t e d  E l e c t r o d y n a m i c s  Model 26-201 g a s  'chromato- 
g r a p h  e q u i p p e d  w i t h  a 6 f t  long 114 i n c h  d i a m e t e r  c o p p e r  column 
p a c k e d  w i t h  1 3 X  M o i e c u l a r  S i e v e s  was u s e d  Zor t h e  ro i i t i i i e  arialysis 
o f  h y d r o g e n ,  oxygen,  methane  and c a r b o n  monoxideo  Helium f l o w r a t e  
was 80 cc /min  a t  2 cclumr! t e m p e r a t u r e  of 30°Cc C a l i b r a t i o n s  were 
made by  u s i n g  known m i x t u r e s  and m e a s u r i n g  t h e  peak  h e i g h t ,  Methane 
was d e t e c t e d  as  low as 50  pgm and CO t o  1 0 0  ppm u s i n g  a 1 mv re -  
c o r d e r  o 

A C o n s o l i d a t e d  E l e c t r o d y n a m i c s  21-620 mass s p e c t r o m e t e r  was 
u s e d  f o r  a n a l y s i s  of  C 0 2  o r  f o r  c o n f i r m i n g  a n a l y s i s  where n e c e s s a r y .  

R e s u l t s  o f  A n a l y t i c a l  P r o c e d u r e s  

E l u t i o n  times o f  v a r i o u s  compounds of  i n t e r e s t  a r e  shown i n  
T a b l e  1. These  compounds i n c l u d e  b o t h  p o s s i b l e  p r o d u c t s  and  s o l v e n t s  
and b o t h  l i q u i d  and g a s  phases, ,  The e l u t i o n  times a re  from columns  
o p e r a t e d  a c c o r d i n g  t o  t h e  d e t a i l e d  p r o c e d u r e s  above ,  

-- 
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TABLE 1 - E L U T I O N  TIMES OF VARIOUS COMPOUNDS 

Liquid Phase  
Compound 

Gas Phase  
Compound T i m e  T i m e  

Air Hydmger! 0.6 

E t h e r  2 , 7  Oxygen 1 0 1  

Methyl  f o r m a t e  2 , 9  N i t r o g e n  1 , 8  

Methyl  a1 3 03 Methane 3 , l  

Acetone  3 , 8  Carbon monoxide 4 0 7  

Met hano 1 4,6 

Water 509 

A c e t o n i t r i l e  6,2 

P e n t  anone  8 , 3  

Dioxane  1 2 0 3  

Formaldehyde 1 4  

P y r i d i n e  20 
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MSA Resea rch  C o r p o r a t i o n  r-- 

I V ,  ELECTROCHEMICAL STUDIES 

A s  was men t ioned  i n  t h e  I n t r o d u c t i o n  above ,  v a r i a b l e s  s u c h  as  
I 
I 

8 
I 
I 

I 
t 
I 
! 

I 

c u r r e n t  d e n s i t y ,  e l e c t r o d e  m a t e r i a l  and p h y s i c a l  s t r u c t u r e ,  t y p e  
o f  d i aphragm,  c a t a l y s t ,  e l e c t r o l y t e  c o m p o s i t i o n ,  p r o m o t e r s ,  t empera -  
t u r e  and  p r e s s u r e  i n f l u e n c e  e l e c t r o d e  r e a c t i o n s  and p r o d u c t s  t h e r e o f ,  
These v a r i a b l e s ,  t h e r e f o r e ,  were t h e  s u b j e c t  o f  e x p e r i m e n t a l  s t u d y ,  
on r e d u c t i o n  o f  b o t h  CO2 and f o r m i c  a c i d -  Deta i l s  a r e  r e p o r t e d  i n  
t h e  v a r i o u s  S t a t u s  R e p o r t s  on t h e  s u b j e c t  c o n t r a c t  and  a re  sum- 
m a r i z e d  i n  T a b l e  2, To s i m p l i f y  t a b u l a t i o n  i n  T a b l e  2, r u n s  73  
t h r o u g h  7 9  a r e  n o t  l i s t e d ,  These r u n s  i n v o i v e d  s t u d i e s  of  d i r e c t  
r e d u c t i o n  of CO2 and aqueous  f o r m i c  a c i d  w i t h  a l k a l i  and a l k a l i n e  
e a r t h s  and  t h e i r  amalgamso R e s u l t s  showed CO2 t o  be  r e d u c e d  t o  
f o r m i c  a c i d  by p o t a s s i u m  amalgam and small amounts  o f  f o r m i c  a c i d  

fo rma ldehyde  by l i t h i u m ,  ca l c ium and b e r y l l i u m  b u t  n o t  by amalgams 
of potass ium, '  l i t h i u m ,  ca l c ium,  sodium o r  magnesium. S i m i l a r l y ,  

132-135 and 158-179 a r e  n o t  t a b u l a t e d  f o r  r e a s o n s  of c o n c i s e -  
n e s s  s i n c e  t h e y  a l l  i n v o l v e d  use o f  o r g a n i c  c a t h o l y t e  s o l v e n t 2  and 
showed e i t h e r  e x t r e m e l y  low c o n d u c t i v i t i e s  w T t h  no  d e t e c t a b l e  
c u r r e n t  a t  45 v o l t s  o r  showed no  d e t e c t a b l e  r e d u c t i o n s ,  They i n -  
c l u d e d  s y s t e m s  w i t h  s o l v e n t s  of e t h e r ,  d i o x a n e ,  b i s - 2 - d i m e t h o x y e t h y l  

b o t h  w i t h  c a t i o n  exchange  membranes between o r g a n i c  c a t h o l y t e  and  
aqueous  a n o l y t e  and w i t h o u t  membranes,, I t  was hoped t h a t  r e d u c t i o n  
o f  CO migh t  b e  o b t a i n e d  w i t h o u t  r e d u c t i o n  o f  t h e  s o l v e n t ,  However, 
when gome r e d u c t i o n  p r o d u c t s  were d e t e c t e d ,  i t  was f m n d  i n  b l a n k  
r u n s  t h a t  t h e s e  p r o d u c t s  were t h e  r e s u l t  o f  d e c o m p o s i t i o n  o f  t h e  
o r g a n i c  s o l v e n t s .  Systems wi th  poor  c o n d u c t i v i t y  a r e  l i s t e d  i n  
T a b l e  3 and t h o s e  w i t h  no  d e t e c t a b l e  r e d u c t i o n  i n  T a b l e  4 ,  P l a t i n u m  
a n o d e s  were u s e d  t h r o u g h o u t  a l l  t h e  t e s t s ,  

Dur ing  t h i s  i n v e s t i g a t i o n  t h e  c e l l s  u s e d  r a n g e d  from a s i m p l e  
"beake r"  t y p e  c e l l  t o  a one  l i t e r  a u t o c l a v e  a t  50  a t m o s p h e r e s  COZ. 
Under t h e s e  c i r c u m s t a n c e s  each  c e l l  was s e t  up  and  o p e r a t e d  a c c o r d i n g  
t o  t h e  e x p e r i m e n t a l  o b j e c t i v e ,  However, t h e  f o l l o w i n g  g e n e r a l  p r o -  
c e d u r e  was u s e d  f o r  a l l  c e l l s :  The e l e c t r o l y t e s  were made up  a c c o r d -  
i n g  t o  t h e  e x p e r i m e n t a l  c o n d i t i o n s  and p l a c e d  i n  t h e  p r e p a r e d  c e l l .  
P r e s s u r e  c e l l s  were t e s t e d  f o r  l eaks  b e f o r e  e l e c t r o l y s i s  was s t a r t e d .  
The c u r r e n t  was a d j u s t e d  t o  t h e  d e s i r e d  l e v e l  and t h e  c e l l  was 
t h e r m o s t a t t e d  as r e q u i r e d ,  Most r u n s  were o f  l o n g  d u r a t i o n  t h e r e f o r e  
i t  was n e c e s s a r y  t o  a d j u s t  t h e  c u r r e n t  a t  r e g u l a r  i n t e r v a l s ,  Samples  
were e x t r a c t e d  from t h e  c e l l  and a n a l y z e d  f o r  t h e  p r o d u c t s  o f  i n -  
t e r e s t  a t  i n t e r v a l s  d u r i n g  t h e  e l e c t r o l y s i s ,  

' /b e t h e r ,  a c e t o n e ,  a n i s o l e ,  pen tanone ,  p y r i d i n e ,  a c e t o n i t r i l  , p r o -  
p y l e n e  c a r b o n a t e ,  b o t h  w i t h  and w i t h o u t  Raney n i c  + e l  c a t a l y s t  and 
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TABLE 2 - SUMMARY OF ELECTROCHEMICAL TESTS 



1 Time 
(hrs). D i a u h r a m  - Ran Type of CelI Ano 1 y t e Cathode C a t h o l y t c  

1 U t u b e ~ o f  2" pipc  
rubbcrcoa ted  

1 7/8 x 5" 
aluminum cup 

S a t .  L i2sn4  Folded i n  Z n  s h e e t  
s o l ,  

S a t .  Li2SO4 
sol. R 3 

up t o  
150  I b s  

2 I, I 
3 

u p  t o  
300 I b s  

4 3 Glass  H c e l l  Small  ceramic 
CUP 

S a t .  LizSO4 10" x 5" I n  s h e e t  
s o l ,  f o 1 tlcd 

S a t .  Li2SO4 
10% llCOOt1 

I 16  

3 

I 

I, Zn rod 4 G l a s s  11 c e l l  

5 I ,  1 6  

6 C o n c e n t r i c  1 314'' x 6" " . Amalgamated Zn 1 

Norton alundum s l i ec t  f o l d e d  

7 C o n c e n t r i c  

a C o n c e n t r i c  

Zn rod  

Amalgamated Zn 
s h e e t  f o l d e d  

6 

7 I 
9 C o n c e n t r i c  N e w  '' Presh  I' N e w  I n  rod Pres11 " 7 

10 Continued 16  

1 2  Glass  II c e l l  Small alunduni S a t .  Li2S04 N e w  Zn rod 
cup w i t h  double  s o l .  
l a y e r  c e l l o p h a n c  

S a t .  L i  SO4 5 
10% HCO4tI 

13 G1ass.H ce l l  N e w  c u p  and I n  s h e e t  f o l d c d  5 ,I 

double  l a y e r  
c e l l o p h a n e  

1 4  Coiitinucd 16 

11 I *  N e w  Zn rod  S a t .  L i  SO4 4 15  G l a s s  t1 ce l l  

16 Continued 16  
4 

-- - 10)  IICO6H 

2 

17 N e w  H c e l l  1 3/4" x 6" 30% LiC104 Folded Zn s h e e t  30% LiClOq . 3  
alundum cup s o l  * 101 HCOOH 2 

6 18 N e w  I1 c e l l  1-5 m l  H2SO4 
added 

19 0 t u b e  of 2" p i p e  1 3/4" x 6" S a t .  Li2SO4 New f o l d e d  Zn S a t .  LizSO4 3 
rubbcr  coated alundum cup s o l .  s h e e t  sol. 300 l b s  

cont inued  7 
300 I b s  

20  30 m l  H2SO4 
added 1 6 

200 l b s  
20 Iirs 

2 1  Glass U tube  Conc. HZSO S a t .  Li2S04 Amalgamated Zn L i C l  Sol. 3 

2 2  Glass H ce l l  Alundum cup LizS0.q sol. N e w  Zn rod Li2SU4 18 

bottom of 8 s o l .  s h e e t  HCOOH added 

HCOOH 

23 G l a s s  H c e l l  Alundum cup New " 

2 4  Glass  H ce l l  11 I* 

I n  rod  from 
above 

N e w  " 20 

I I 18 

2 5  G l a s s  H c e l l  

26 Glass  U tube  Alundum cup L i 2SO4 New Zn s h e e t  L i  2SO4 

I, 

_-_-._---.I.-- 

s o l .  IICOOH 

cont inued  2 5  

1 8  %G4 27 Large H c e l l  Large alundum L i  So4 3 new Zn r o d s  

28 Continued 7 

CUP s o l .  

I N e w  Zn s h e e t  2 9  Above c e l l  washed 
and r e f i l l e d '  

I, 1 6  
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I 

i 
I 

I 
I 
I 

c a t  I1 o cl c 
Current  I ) e n s i t y  

(mo/cni 2 )  V o l t s  Tests Remarks 

2.5 - 3 3.86 - 4.66 1 4  - 8 S c h i f f s  p o s i t i v c  f o r  IICHO, L a t e r  same saiiiple may t e s t  f o r  bo th  l lC t l0  and IICOOH. 
b a s i c .  llcavy p r c c i p i t a t c .  c e l l  became quite'warm. 

, Anode gas-02,  no H C l l O  
ca thode  - 309 C O 2  

Black i n s u l a t i n g  f i l m  on  I n .  

0 i 3 .465 13 Trace tiCHO Grey p p t  formed. C o n d u c t i v i t y  i n c r e a s e d .  

high 10 No IlC119. Bas ic ,  forsiatc p r e s e n t .  Much p p t .  Vuch I n  d e p o s i t  next  l e g ,  c o r r o s i o n  o p y o s i t c .  

0 . 3  1 4 .  1 z  I 7 _ _  1 z  No HCIIO 

0.3 1 3  No tlCllO Once a n  immediate v i o l e t  which soon faded .  C o n s i d e r a b l e  
Zn d e p o s i t .  

__ 
3.5 - 4 5.4 - 6 . 2  5 No IlCIIO C e l l  became warm. Hg-Zn e l e c t r o d e  remained s h i n y .  

3 - 4  4.6 - 6 . 2  5 No HCtIO 

1 1.5 3 .5 No HCIIO 

Zn developed b l a c k  f i l m .  No o r g a n i c s  i n  c a t h o d e  gas by I R 

S i g n i f i c a n t  CO2 i n  anode g a s  by IR. . 

0 . 2  8.9 2.5 No IiCtlO 

No HCHO 

No IlCtlO 

0 . 2  8 .9  3 No HCHO T e s t s  showed t h e  formate  came through t h e  c e l l o p h a n e  
read  i 1 y . 

0 . 2  - 0.3 0.31 - e46 1 2  - 14 N O  HCHO 

h igh  No IIClin,  b a s i c  Water l e v e l  down, c e l l  h o t ,  much g r e y  p p t  b o t h  s i d e s .  

.03 1 . 3  5 No IICtlO 

- 
Trace tICtlO 
rjore ticti0 
Le s 5 t IC H O  

.3 

. I 5  

. 2  

0.46 .l 

0.23 4 

0.31 4 

No I I C I I O  
No IlCllO 

No HCIIO 

.3  0.46 5.5 No IlCllO o r  IICOOH 
lleavy p r e c i p i t a t e ,  

lleavy p r e c i p i t a t e .  
.45 0.70 5.7 No IICIIO, b a s i c  

. 4  0.62 5 

Trace C 1 2  from anode by Draeger  t u b e s .  
0 ,  

Over 90% 02  from anode a s  p r e s s  lowered.  
Nearly 100 C O 2  from c a t h o d e  as press  lowered.  

P r e c i p i t a t e  d i s s o l v e s  w i t h  a c i d ,  e v o l v i n g  g a s .  

P r e c i p i t a t e  d i s s o l v e s .  E l e c t r o l y t e  c l e a r  g r c e n .  

.05 0.08 1 2  AgNO3 i n d i c a t e d  C 1  i n  Reac t ion  a t  L i C l  - 112SO4 i n t e r f a c e .  

.05 L.L 5 b O 0 r l  II(.HU 

a n o l y t e .  No IiCHO. 

.os 5.2 F a i n t  IiCtIO t e s t .  

.us 5. 2 No H C l I 9  

. 0 5 5.2 F a i n t  IICHn t e s t  ,I S t i l l  much IICOOH i n  c a t h o l y t e .  
~~- ~~ ~~ 

."- n i  0.016 5 Good IIClln t e s t  

.us 

. I4  

- 1 3  

Good tICH0 t e s t  

0.75 3.3 F a i n t  I lCl ln  t e s t  

2.1 5 Good HCIIO t es t  

0 . 2  5 F a i n t  l l C l l 0  t e s t  



T i m e  I 
IlUlI Type OT Cell I) i ap h r a g~ Anoly tc  - Catt1odc Cat Iiol y t e  (hrs) .. - - _-_- 

30 Con t inued  4 I 
I 

31 Con t inucd  20 I t  I I, 11 

32 C o n c e n t r i c  

33  Con t inued  

Around l a r g e  
alundum cup  

N c w  Z n  s h e e t  8 
18 

5 

34 Continucd 20 

h t i  t y 1 - ammo n iuni 
35  G l a s s  U tube Alundum cup  6.5% t e t r a -  N e w  Zn rod  A n o l y t e  + 

HCOOH 
i o d i d e  i n  751 
d i o x a n c  

36 G l a s s  U tubc Aluntlum cup 

37 Large H c e l l  La rge  alundum 
cup  

38 Con t inued  I ,  

L i  SO4 
sof. 

Zn s h e e t  L i  2SO4 
HCOOII I 20 

4 1  I t  60 

Ulackcned s e c t i o n  
removed 

11 

20 1 
40 G l a s s  I1 c e l l  Alunduni cup P t  s h e e t  

41  Con t inued  

4 2  Con t inued  

43 Con t inued  

4 4  New 11 t u b c  of  Parchment L i  SO4 
35 m m  t u b i n g  SOI. 

Ania 1 gama t ed Z n 
s h e e t  

Zn r o d  u s e d  
p r e v i o u s l y  

N e w  Zn s h c e t  

1 20 

I 20 

20 

,I I 45 35  mm U c e l l  Alundum i n  Zn s h e e t  20 
c e l l o p h a n e  

46  35 mm U ccll  I, L i  SO4 
s o t .  

47 C o n c c n t r i c  Large alundum I 

CUP 

Cd. rod  

Zn s h e e t  
o u t s i d c  c u p  

t 1 60 

48 Smal l  U t ube  nowex 5OW-X8 H2SO4 S o l .  Zn s h e c t  30 

50 C o n c e n t r i c  

Con t inued  

La rge  aluiidum Na2SO4 S o l .  Ug rod  
CUP 

L i  SO411COOH 3 I 49 Large  tl ce l l  Alunduni cup  LizSO4 S o l .  Flg r o d  5/8" d i a .  
IICJONa 

I, 1 

2 I 
51 Large H c c l l  

Con t inued  

11 Na SOqHCOONa 
112804 added 

20 

20 

52 35  mm U ce l l  Alundum i n  LizSO4 S o l .  Zn s h e c t  Li2SO4HCOOH 20 
c e l l o p h a n e  

I) 
53 G l a s s  tl  c e l l  Alundum c u p  Na2SO4 S o l .  1/4"  l e a d  rod  20% Na2S04 6 

10% HCOOH 

54 Glass H ce l l  Sb2O5 added 20 

5 5  G l a s s  I I  c e l l  t I ~ S 0 4  added 20 

56 Large U c c l l  La rge  alundum Na2SO4 S o l .  1 /4" ama 1 gama t e d  20% N a 2 C 0 4  6 
10% tlC0011 Cu U t u b e  

57 La rge  U c e l l  tI2SO4 added 20 

58 Large I1 c e l l  La rge  a1undui.i LizS04 S o l .  Hg an? d r y  ice  10% LizSO4 2 

11 I t  
H s 59 Largc ti c e l l  

60 Large 11 c e l l  La rge  alundum 10% L i  SO4 llg 
c u p  5% 112304 

61 I, I* I, 

I, 20 

10% L i  SO4 2 
5% ~ 2 2 0 4  

I 5 
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c a t hod e 

C u r r e n t  D e n s i t y  (ma/crnz) V o l t s  T e s t s  Ilemnr I; s Amps I .25 0.39 7.5 P a i n t e r  IlCIlO t e s t  

. I S  0 . 2 3  5 Cood HCIIO 

0 .15 2.6 No HCIIO . 

1.5  3.7 No HCIIO 
I 1.0 ' l  

.ps  0.08 2.6 No HCllO 

.003  0.13 2 5  C a t h o l y t e  l o s t  yel low c o l o r .  Gave d e e p  r e d  w i t h  S c h i f f s .  Yel low p p t  w i t h  Il2SOq. 
Free  I q  on anode . .  

I .005 0.008 5 Good HCHO 

- 0 3  0 .047  3 Good IICHO 

I .lZ 0.186 5 No i n c r e a s e  i n  HCHO 

Only p r e v i o u s l y  u s e d  s e c t i o n  of  Zn s h e e t  was 
p r o d u c i n g  g a s .  I t  was b a d l y  c o r r o d e d .  

-12  0.186 5 Good HCHO 

.os 1.4 5 No tlCHO To d e t e r m i n e  i f  a h y d r o g e n a t i o n  c a t a l y s t  i n s t e a d  of  
t h e  o v e r v o l t a g e  was r e s p o n s i b l e  f o r  HCtIO f o r m a t i o n .  

I :: I, 11 

0.07 II 

11 2.0 T r a c e  HCIIO 

.os 0.07 3 Very good IICHO Noth ing  by g a s  chronia tograph .  H C H O  a p p e a r e d  t o  go 
t h r o u g h  parchment .  

I " 
0.15 4 Some HCtlO C o n s i d e r a b l e  p l a t i n g  o f  Zn. 

. I 2  1.3 5 No HCIIO 
T r a c e  HCHO 

0.97 3 No llCHO 

0.07 6 Good HCHO 

8.3 1 0  Good HCHO 

No c o r r o s i o n  o r  p l a t i n g  of Cd. 

Zn not  a t t a c k e d  much. 

Conncct ing  l c g  f i l l e d  w i t h  exchange  r e s i n .  No HCHO 
o r  IiCOO11 d i f f u s e d  t o  a n o l y t e .  

From a c t i o n  o f  a c i d  on  Mg. 

Overhea ted  

.6 

1 . 7  

1 0  14 No IlClIO 

11.7 .10 No W H O  

Brown j e l l y - l i k e  p p t  - d i s s o l v e s  i n  a c i d .  

.l 0 .15  5 Good IICHO Zn c h i p s  i n  It. HCOOH added from anode s i d e .  

.5 2 2 . 2  20 No HCIIO C e l l  i n  ice b a t h .  

Zn d e p o s i t  n o n - a d h e r i n g .  

II 11 

I t  T r a c e  

C n t h o l y t e  became b a s i c . .  

1 - 3  22-2 - 66.7 24 No l l C l l 0  I c e  w a t e r  t h r o u g h  c a t h o d e .  C e l l  i n  i c e  b a t h .  

1 2 2 . 2  20 No IiCllO Most Hg l o s t  from c a t h o d e .  

1 66 20 Some f o r m a t e  - no HCHO. Dry i c e  h e l d  u n d e r  Ilg a s  C O q  s o u r c e .  

I 1  2.5 
66 

165  

20 No tICII0 

19 No f o r m a t e  

No C O q  a d d e d .  Attempt  t o  r e d u c e  IlCOOll from 1 5 8 .  

Dry icc u n d e r  Hg a s  C O 2  s o u r c e .  

66 18  No f o r m a t e  o r  HCHO Tank C 0 2  bubbled  t h r o u g h  Hg. I n  i c e  b a t h .  I 1  



I Time 
Anol y t c Cntl1odc C a t  1101 y t e  IRun Type of C e l l  D i a y h r a ~ m  - - 

62 11 11 I ,  I $ 0  

63 S m a l l  11 c e l l  Alundum c u p  K 2 S 0 4 - H 2 S 0 4  K-tlg amalgam K 2SO4 I 20 

4 

I 64 35 mm U c e l l  Alundum c u p  tICOOIl- l l2SO4 1 / 4 "  d i a .  x HCOOII 2 

6 5  Ce(S04)  2 2 

1 1 / 2  l e a d  r o d  10% t12so4 

t I t  

added  

11 I ,  I, I, 6 6  50 
~ 

67 I t I 2 O  added  P o r o u s  Ni 20 

68 

69 L a r g e  I 1  c c l l  L a r g e  alundum M@O4 

11 I t  , I  

C U P  

Lead r o d  

tlg w i t h  h1g rod  

4 0  

2 

I I t  11 I 70 IICOOll added  1 

7 1  S m a l l  tI c e l l  Alundum c u p  ElgSO4 116 FlgS04 20 

I t  I, I, 7 2  11COOl1 a d d e d  20 

11 I I 80 2" p y r c x  p i p e  C a t i o n  e x c h a n g e  1 0 %  L1RSO4 Vg 3 / 4 "  rod  VrgC03 slurry 16 

81 7 

I 
82 I I  c e l l  Aluntlum c u p  S a t  ReS04 t{R HrOfVl added  1 8  

8 3  3 5  m m  I I  c e l l  Alundum cup  1 0 %  ii2sn4 Speer  g r a p h i t e  1 0 %  112SOq 4 

+ 1I2SO4 

84 I I  Cel l  

8 5  

86 U c e l l  

87  

Alundum cup  S a t  Res04 [le 

I 
S a t  ReSn4 15+ 

1' t 60 
IlCnOll Formcd 

90 

91  C o n c e n t r i c  c e l l  La rge  alundum BeS04 flg 
CUP 

I 1 8  

BeS04 -immti 5 

11 

I ,  I 9 2  20 

9 3  C o n c e n t r i c  c e l l  iig + cnZ ReS04 5 

9 4  11 I, 11 

9 5  35 m m  I1 c e l l  Alundum c u p  10; NaOll 

11 BeSn4 + 1 5  

Speer g r a p h i t e  1 0 %  NaOIl 5 I 
H2Sn4 

9 6  100 m l  b e a k e r  Alundum cup  1 0 %  H 2 S 0 4  A l .  f o i l  90% IICOOH 1 

9 7  C o n c e n t r i c  c e l l  Alundum c u p  BeS04 H g  and C 0 2  BeSO4 4 0  

11 I, 9 8  3 

,t I ,  100 Addcd BeS04 25 
and HCOnll 

3 I 101 30 m m  I1 t u b e  Alundum c u p  10% t lZS04  P d .  t u b e  + C O 2  10% ii2s04 

I, 102 5 

I ~i c rome t a 1 1 i c 1 0 %  1 1  $0 2 l o% 
I12sna n i c k e l  50 p s ? g  Pn, 1 2 5 0 ~  c e l l  50 PSlrg 2 

103 S t e e l  p r e s s u r e  Alundum c u p  



11 
C a t h o d e  

C u r r e n t  D e n s i t y  
/\eys (ma / c ni 2 ) V o l t s  Tests  Remarks 

J 
I .8 

I *9 

3 3  

254 

125 

9 No f o r m a t e  o r  HCHO 

18 C o n s i d e r a b l e  f o r m a t e  

18 No HCHO 

C 0 2  i n  

C 0 2  b u b b l e d  t h r o u g h  amalgam. 

, I  I, 1 2 5  No HCHO Ce (SO4)2 d i d  n o t  a p p e a r  t o  d i s s o l v e .  

. 2  31 .8  6 No IICHO Deve loped  a g r e y  d e p o s i t .  

. 4  17 .8  18 No HCllO No Rrey d e p o s i t  f o r m e d .  1 1 .5  9 9  18 No IiCHO C 0 2  b u b b l e d  i n t o  tlg. Formed b l a c k  j e l l y - l i k e  pk't 

t I  , I  B l a c k  p p t .  r e a c t e d  f o r m i n g  a g r e y  p p t .  No CICIIO 

128 18 No IICHO C O 2  b u b b l e d  i n t o  118. 

1 2 8  No IiCtlO 
__ 

1, I, 

I :'4 

0 .29  

0.05 I 

0 .034  1 2  No IICHO, No C H 4  

1 .99  23 No HCIIO, No C H 4  

1 5 . 9  10 S l i g h t l y  + S c h i f f  
No MeOH 

C 0 2  b u b b l e d  t h r o u g h  C a t h o l y t e  

PlgCO3 d e p o s i t  on t h e  c a t h o d e  

- 
1 .o 16 .7  10 N O  tictin, NO HCOOH C 0 2  b u b b l e d  t h r o u g h  c a t h o l y t e  

0 . 0 5  3.3 10 Much HCOOH C 0 2  h u b h l e d  t h r o u g h  c a t h o l y t e  I 0.05 3 . 3  10 S l i g h t  HCHO No C 0 2  i n  

C e l l  h e l d  a t  a b o u t  9O0C 

N o t h i n g  i n d i c a t e d  on gas c h r o m a t o g r a p h  

3 50 6 No 14CHO 
11 

0.035 11.3 20 

1 0.05 

1 . 0  

R 0 0 ~  0.4 

16.2 

80 

26 N O  tictin 
8 Good HCHO t e s t  

16  4 Good HCHO t e s t  

32 I 10  N O  w i n ,  some iiconii 

P o s s i h l e  t r a c e  MeOH i n d i c a t e d  by G . C .  

0.7 56 10 No HCHO 

1 8 . 3  1 2  MeOH) 
HCHO) Neg 
im-mi-1) 

1.1 

0 .6  16  HCHO-neg I 0.4 32 i n  HCHO neg 

E l e c t r o l y t e  r a n  low 

Whi t e  p p t .  fo rmed  a f t e r  4 h r s  

0 .9  7 2  10 Good t e s t  H U l O  

0.9 7 2  10 Retter t e s t  ticiio 

0.9 

I 2.0 

2.0 

t 1.5 

200 

200 

231 

10 Not as good HCHO t e s t  No MeOH o r  HCHO on  c h r o m a t o g r a p h  

10 Some HCOOH Became g r e e n  from c o r r o s i o n  o f  t h e  s u p p o r t  

9 HCHO neg  I r o n  " w h i s k e r s "  fo rmed  on  c a t h o d e  

4 HCHO neg P roduced  i n t e r n a l  e x p l o s i o n s  

Rrown f i l m  on P t  a n o d e  CH4 neg 

E l e c t r o l y t e  g r e e n  from c o r r o s i o n  



llun 'rype o f  Ce l l  I ) i  "1) h r;igi!i Ana l  y t  c C ;i t h o  d c C a t  11 o 1 y t e (Iirs) - 
104 2" g l a s s  p i p e  Alundum c u p  s a t  ncsn S a t  ReSn 3 

7 $ O F  30  p s i f i  4, 30 p s i p ,  402 

1 0 5  II 

1 0 6  I, 

4 0  p s i g  O2 

I t  

'40 p s i g  C 0 2  2 
1 5 0 O F  

I t  4 
210°F  

1 1 0 7  S m a l l  U c e l l  Alundum c u p  ReS04 Lend r o d  ReS04 -1icnnii 60 

1 0 8  S m a l l  H c e l l  Alundum c u p  ReS04 i ig-cn2 ReS04 7 

109 2 0  

110 L a r g e  II c e l l  Alundum c u p  Sac DeSO I lg-COz R e S 0 4 - L i 2 S 0 4  7 
10% ~i,sd,  

C o n t i n u e d  

111 L a r g e  t i  c e l l  I t  , I  Raney N i  a d d e d  

1, 

1 1 2  2" g l a s s  p i p e  Alundum c u p  11 G 
4 0  p s i g  n2 

80 

34  

20 

*I 

I 1  

4 0  p s i p .  C 0 2  8 
113 11 ,I S a t  DeSO llg + Raney N i  ReSn4 1 5  I 

4 0  p s i g  4 2  4 0  p s i g  C02 

1 1 4  S m a l l  t l  c e l l  Smal l  nluntlum Sat l . i 2 S 0 4  116 + Rnney N i  Li2SO4 + C 0 2  20 
C U P  

115 I ,  

116  11 

10% 112s04 

11 

1 1 7  2" g l a s s  p i p e  Alundum c u p  S a t  lleS0 Ilg + Raney  N i  BeS04 6 

1 1 8  6 II I, 1 1  *I 11 

40 p s i g C 8 2  4 0  p s i g  C 0 2  

II 120  30 m m  IJ t u b e  S a t  L i 2 S 0 4  S p e e r  c a r b o n  + Li2SO4 + C 0 2  a 
Raney  N i  

1 2 1  I 1  ,I I 1  I t  

1 2 2  L a r g e  IJ c e l l  Alundum c u p  S a t  vgsn4,  Lead r o d  

123 Beaker 
11 I, 

Alundum c u p  S a t  L i z S 0 4  l lg  20% mono- 
e t h a n o l  a m i n e  

+ r O 2  gas 2 

I 124 Beaker Alundum c u p  S a t  ReS04 Me S a t  Res04 1 2  
+ c02 

I, II I, I, I, 125 5 
,I I, I t  II t 27 

I' + HCOOH 15  

126 C o n c c n t r i c  Alundum c u p  Sat  ReS04 tlg + Raney  N i  S a t  ReSn 9 
p r e s s u r e  c e l l  4 0  p s i c  en2 

127 2" g l a s s  p i p e  Aluntlum c u p  S a t  BeS04 H g  Raney  N i  S a t  n e S 0  9 
+ 40 p s i g . 0 2  ' 4 0  p s i s  $ 0 2  

I, I t  
1 2 8  2" g l a s s  p i p e  Alundum c u p  Cd r o d  1 8  1 / 2  

1 2 9  1 6  

Raney N i  
4 

I .I 11 I t  I 

C a t i o n  e x c h a n g e  1 0 %  H 2 S 0 4  Hg 

2 c a t i o n  e x c h a n g e  10% ti2sn4 tic 

130  2" g l a s s  p i p e  

131 2" g l a s s  p i p e  

membrane 

1 p a r c h m e n t  
1 p a p e r  c u p  

1 0 %  L i C l  + 

C 0 2  i n  McOH 
3 0  



C a t  liodc 
C u r r c n t  D e n s i t y  .e (ma/cm2) V o l t s  

1 0 . 5  1 5 . 6  20 HCHO n e e  No t e s t  made f o r  IICOOll 

Tcsts  

12 
R e in a r As 

M 0 .05  2.2 12 HCllO pos 

0 .07  22.6 18  HCHO riel: 

O2 i n  c a t h o d e  gas .  * 

1 . 4 %  C 0 2  i n  a n o d e  g a s  

No € e s t  made f o r  HCOOH 

0.09 29 1 8  T r a c e  HCHO No t e s t  made f o r  WMtt B G . 4 i  29.6 i 8  tiCiiO neg-HiCNii t r a c v  

0 .70  1 0 . 7 0  

0 .5  

1 0 .5  

46 

46  

18  HCIIO n e e  

1 8  HCHO n e g  

1 5 . 6  1 8  HCHO n e g  

1 5 . 6  1 8  HCHO neg  

HCOf7fl very s l i e h t  t race,  CH4 and CH;C)H neg. 

2 . 4 %  C02 in anode,CFt4 m g  

CHIOH n e g .  0.02% CO 05 CH4 i n  c a t h Q d e  gas 

--- .* a...- - 
1 6 . 1  20 P 1 ug g e d - b I e wou t e kec t r ol y t e 

0 . 1  32.2 6 HCHO n e g  

I i . 5  1 6 1  8 HCHO n e g  

0 . 5  1 5 . 6  1 8  HCHO n e g  

[ 1 . 5  4 6 . 8  4 1  HCHO neg  CH4 neg - 
42 HCHO n e e  NeOH neg CH4 n e g  2.0 6 2 . 4  1 1 . 5  2 5  20 HCIIO neg  

1 . 5  25 20 HCHO neg  MeOH neg Cll,, n e g  

4 4  .5 

7 

1 4  HCHO neg  CH4 neg 

0 .02  0 .74  1 8  

2.0 74 1 8  HCIIO neI: P r e l i m i n a r y  t e s t  for  c o n d u c t a n c e ,  e t c .  

2.0 

1 4.0  

74  

1 4 8  

10 IICHO n e g  

1 8  HCIIO neg  P u l s a t i n g  D . C .  10  sec. o n ,  5 sec. o f f  

2 .0  74  10  HCHO , I  ICOOH , MeOH , CtI ne g 1 O . s  1 8 . 5  HCFIO pos 

1 - 2  80  - 160  42 HCHO,HCOOtl ,MeOH,CH4 n e g  C a t h o l y t e  i n  c e n t e r  of c e l l  i n  porous c u p  

6 2 . 4  42 HCHO , HCOOIi, MeOH ,CH4 n e g  Ce l l  t h e r m o s t a t t e d  a t  105'C 

h e a t e d  up  

0.89 4 1  HCHO ,HCOOH ,MeOH ,CH4 n e g  

2 6 2 . 5  41 HCHO,HCOOH ,MeOrl ,CH4 n e g  C e l l  t h e r m o s t a t t e d  a t  105'C 

1 5 . 6  8 Catholy te-HCHO Pos HCOOH P o s  HCHO p o s s i b l y  came f rom a n o d i c  o x i d a t i o n  
& 8 A y $ f j S 1 2 ,  C 1  WHO P o s ,  of CH30H 

1 0 .5  

I 
' 0 . 0 3  0 .94  25 Catholy te-HCHO POS, Anode- I ,  I t  

HCHO POS, MeOH 5 %  



Sun Type of  Ccl l  

1 3 6  B e a k e r  

- 

1 3 7  R e a k e r  

1 3 8  R e a k e r  

1 3 9  R e a k e r  

1 4 0  I t  

tirnc 
( h r  s) C a t  ho 1 y t  e 1) i a h r ;I gin Anol y t  e cn t hod c 

Alundum c u p  S a t  Na2Sn4 I I R  

None S a t  K2SO4 116 

S a t  ~ a ~ s n ~  3 6  
+ cn2 
S a t  K2S04 34. 1 

Nonc S a t  K2CO3 111: S a t  K2Cn3 2 4  

11 I, ,I 1 Alundum c u p  L i  2SO4 llg + l lg  b l a c k  L i 2 S 0 4  + cnZ 4 8  

20 

1 4 1  R e a k e r  

142  ,I 

Alundum c u p  

11 

0 . 1  N KOii Lead r o d  

S a t  ~ e s n ~  Ph  s t i c k  

0 .1  N KOt1 

s a t  0 e s n 4  
+ co2 

1 4 3  B e a k e r  

144 I, 

Alundum c u p  ReSO4 + tIzSO4 P h  s t i c k  

S a t  ReSO4 Ph s t ick  I, S a t  n e S n 4  
+ c02 

3 6  

I* DeS04 + ll2SO4 30  1 4 5  RcS04 + H2S04 Ph s t i c k  
+ m2 

146  Beaker 

1 4 7  11 

1 4 8  I t  

. ,I 1 4 9  

Alur.dum c u p  SRt n e w 4  Zn s t i c k  

h s n 4  + ii2sn4 Zn s t i c k  II 

1 ,  

I t  

S a t  ReS04 Zn s t i c k  

BcS04 + 1I2SO4 Zn s t i c k  

S a t  RcSOA 4 1  - 
+ co2 

ReS04 + cn2 + l l tS04  

S a t  RcW4 
+ co2 
Resn4 + ti2sn4 3 0  
+ cn2 

4 8  

1 5 0  Reeker A lundum c u p  S a t  RcS04 Sn  s t i c k  S a t  Res04 4 1  
+ cn7 

1 5 1  I t  

152  I 1  

1 5 3  B e a k e r  

1 5 4  B e a k e r  

Alundum c u p  

Alundum c u p  

ReS04 + 1i2S04 Sn s t i c k  

S a t  Resod Sn  s t i c k  

Rem4 + n2s04 Sn  s t i c k  

S a t  ReS04 Cd s t i c k  

uesn + i i 2 s 0 4  30 
+ co; 
sat n e w 4  41 
+ CO? 

i 

ReSn4 + H2S04 4 0  1 1 5 5  B e a k e r  Alundum c u p  ReS04 + 1I2SO4 Cd s t i c k  
+ cn, - -" 

156  R e a k e r  

1 5 7  B e a k e r  

Alundum c u p  

Alundum c u p  

S a t  BeSo4 

ReS04 + H2S04  

Cd s t i c k  

Cd s t i c k  

S a t  RcS04 
+ C 0 2  

3 6  

BeS04 + C 0 2  + 1i2Sn4 3 0  



1.3 

C a t h o d e  
C u r r e n t  D e n s i t y  * (ma/cniz) 8 

1 1 4 1  

1.5 2 1 2  

2 282 

i . 5  

74 

18 .5  
."..*..., .._i _,I_....... .- *.  .. . - 

0 .002  0.089 I 0.6  41.4 

V o l t s  

4 

5 

7 

9 

3 

3 

5 . 2  

6 . 2  

8 . 8  

5 .0 1 . 0  69 
_ _  .-. 

1.3 90 5 . 2  

8 0 . 4 5  31 6.2 

8 . 8  

5 . 0  

fi 0.44  30.3 5 .2  

Tests 

HCHO,MeOli neg  HCOOH pos  

HCHO ,HCOOIl neg 

HCIIO, IlCOOll n c g  

IICHO, HCO011, HeOH Nea 

IICHO, HCOOH, MeOH Neg 

HCHO,  IICOOH, MeOH Neg 

IICHO, HCOOH Neg 

1 - -- .I l/--. .-.- I 

HCIIO,  HCOOH Neg 

HCHO, HC001i  Neg 

tlCHn, HCOOH Neg 

HCIIO, HCOOH N e R  

- .- 

l l C H 0 ,  llCOOI1 Neg 

HCHO, HCDOH Neg 

IICHC, HCOOH Neg 

HCHO, HCOOH Neg 

. "  

... 

Rcmarks 

CO2 h u b h l e d  t h r o u g h  d r y  s e c t i o n  of  c a t h o d e .  

C02 f l o w  t h r o u n h  d r y  s e c t i o n  of 116 c a t h o d e  

11 

f . ~. . . ?.- - -  ->.-__-L.--...b-uW 

C o n t r o l l e d  p o t e n t i a l  e l e c t r o l y s i s  

Ph c a t h o d e  c a s t  i n  mold  a t  25°C 

Ph c a t h o d e  c a s t  j n  mold a t  25°C 

Pb c a t h o d e  ca s t  i n  mold  a t  275OC 

I, I, 

- -_ _ _ _  - --I-_I- - -  - 

Zn c a t h o d e  cast  i n  m o l d  a t  25°C 

I t  I, 

Zn c a t h o d e  cast  i n  mold  a t  370°C 

,I , 

Sn c a t h o d e  cast  i n  mold  a t  2 5 ° C  

- -... ~ ".". .".--",- . --_ ~ . 
0 . 5 5  38 6 . 2  HCHO, HCOOH Neg I t  11 

8 0.35 2 1 . 2  8 . 8  HCHO, HCOOH Neg Sn  c a t h o d e  cast  i n  m o l d  a t  180°C 

5 .O HCHO, HCOOH Neg 

5 .4  HCHO, HCOOII Neg 

,I I 1  

Cd c a t h o d e  c a s t  i n  mold  a t  2 5 ° C  

6 . 2  HCHO, HCOOH Neg 11 I t  

---- -"- --r-.-- _. -- .-.. ..-..- - .-I.-I-. 
0.95 6 4 . 5  8 . 8  HCHO, HCOOH Neg Cd c a t h o d e  cast  i n  m o l d  a t  2 8 0 ° C  

11L5 79 

I 1 . 4 5  10  0 5 . 0  HCHO, HCOOH Neg 11 I ,  

I 



Run 

. 8 0  

R 1  

# 8 2  

183 

Anolyte Diaplirncm c o t hod c Cat  ho 1 y t c  Time' Amps. Cathode  

( h r s )  (ma/cm) 
C u r r e n t  Density Type of C e l l  

-- 
Porous h a t  t c r  y t lc rcur  y "a2SO4 C n 2  f low 3 4 . O  125 

125 
15 4 .0  125 C U P  

B a t t e r y  Jnr  Na2SO4 
through d r y  c a t h o d e  5 - 1 / 2  4.0 

G l a s s  "tl" C c l l  Res04 Alundum cup Mer c u r  y BoSO4 s o l u t i o n  1 1  1 
47 0.1 
5 2  1 , 2  

31.3 8 
3 . 1  

31 .5  

R o t t c r y  J a r  Li2SO4 Porous b a t t e r y  Vcrcury I.i2SO4 CO? f low 16 0.1p 1 4  
1 4  t h r o u g h  d r y  c n t h o d c  23 0 . l p  

s e c t i o n  CUP 

4 - 1 / 2  0 . 8  251 
2 1  0 .5  161 

251 28  0.8 
257 49 0.8 
405 51 1.5 

6 3  0.5 161 

Small  t l -Cel l  s t  ll2S04 Alundum cup K nmolgnm K2S04 

I 
S a t .  K2SO4 C O 2  huhhled 

through wet 
K-IIg 

I 5 2 . 5  _ _  184 Large 11-Cell 5% 11 .;n Alundum cup Hcrcury CO2 K2SO4 7 0.8 
s a t .  '1(2?i04 hubhlcd 23-1/2 0.5 

t h r o u g h  lip. 1 * *  

185 S t c c l  p r c s s u r c  S a t .  K2SO4 None 

186 S t c c l  pressure 1% 112Snq Nonc 

187 S t e e l  p r c s s u r c  S a t .  K2SOq Nonc 

50 atms CO2 

S O  stms COz K2s04 

5 0  n t m s  C 0 2  

Flc r c u r  y S o t .  k2SO4 

Mercury 1% n2sn4 
K2Sn4 

Flercury S a t .  K2Sn4 

I8R 2" C l a s s  p i p e  S a t .  K2SO4 Ion cxchnnce K - H ~  cn2 S o t .  K2SO4 
membranc ( I )  hulrblcd 

through K-llg 

-. 
4 1 .0  114 
7-1/2 1 . 0  1 1 4  

3 0 .5  

6 0 .4  

4-3/4 0 . 5  
19-1/4 1.7 
27-1/4 1.7 
49-1/2 1 .7  

1 5 7  

46 

15.6 1 
5 3  
53 
5 3  

190 Small  11-cell S a t .  l . i2S04 Alunclum cup F!crcury cn2 S a t ,  1.i2S04 
L. u b b 1 cd + ii2sn4 
through llg 

2 0 . 2  64.5 
5 0 .15 

2 9  0 . 2  
109 0 .2  64.5 

191 Large 11-cell 5 %  ii2sn4 Alundum cup Lye r c u r  y S a t .  LizSn4 2 2 132 
S a t .  1.i2S04 C 0 2  bulihlecl 11 1 66 

1 ns 1 66 I th rough tic 2 4  

192 Autoc lave  S a t .  kISO4 Alundum cup Mer c u r  y S a t .  KjSO4 8 1 
50 n t m s  C 0 2  C 0 2  50 n t n s  1 / 2  ;;:' 

_ _  ._- ____I_____-___-___---. --_L 

S a t .  K2SO4 3-1 /2  1 . 2  l92A Autoc lave  S a t .  KzSO4 Flcrctiry Ffc r c u  r y 
50 ntms C 0 2  C 0 2  50 atms 10-1 /2  2 . S  102 

17-1/2 2 . 5  182 
23 2 . 2  1 59  
20 2 . 2  159 8 Amnlganiatcd s a t ,  ~ t s n q  1 5  0 .1-1.0 0.43-4.3 

z i n c  
S a t .  K2SO4 Alundum cup 193 Autoc lavc  

S O  atms CO2 

194 Nicke l  beaker  S a t .  Na2SOq Alundum cu1r 

195 ncakcr  S a t .  Na2SO4 Alundum cup 

Carbon rod S a t .  NaZSnJ 

Carlron r o d  S a t .  NaZSq 

4-1/: 10 266 

I 
1 

4 5-10 133-266 



Tests  
C a s  Phase Protliicts C n t h o 1 y t e 0 r fi an i c Product  

7 Ambient Cattiode C114 ncg,  CO ne8 Negative 
7 Ambient Negat ive 
7 Amb i c n t  Nci:ative 

32 30 
9 30 

45 30 

Cathode Cl14 ncR, CO neg i \cc ,~t ive 
Nct,ative 
Negative 

3.6 Ambient Cathodc Cl lq  n e g ,  CO neC Ncgat ivc 
346 Ambient Cathode C114 neg, CO tieg Negative 

Rem n r k s 

D r y  s e c t i o n  of c a t h o d e  
f l u s h e d  i n t o  c a t h o l y t e  
h e f o r e  each  sample.  

I ~ c c y c ? ~  n i x i n g  of  CO? 

?,as samples .  

C a s  c o l l e c t e d  i n  d r y  s e c t i o n  
of c a t h o d e  i ind f iusi ied i n t o  
c a t h o l y t e  h e f o r e  samples .  

a i  i h c  cdt!,cjdc. Ciiaii:ntive 

35 Water c o o l e d  HCHO neg, FleOH ncg, IICnOH pos .  
20 Water cooled  t lCl lO weal,  OS, !'e011 neg, HCOOH pos. 
35 I\ a t  cr  coo  1 ed I iCl iO weak pos, ! f ~ O 1 l  ncc,  HCnOtl p o s .  
35 Ir, a t  e r coo  1 ed l l C l l 0  p o s t  Ne011 neg ,  I ICOOII pos .  

Cathode 7OoC IICIIO weak pos,  EleO11 neg,  tICOOl1 1'0s. 
25 h a t e r  c o o l e d  HCtIO pos ,  t4cOIi neg,  IlCOOll pos .  

29 lvater  c o o l e d  IICHO neg, FkO11  neg,  IICOOII p o s .  
l r a t e r  tIClln neg, FleOll neg,  l1COOII pos. 

- - - - ____I-- ----- _ _  -_ 

18 Water c o o l e d  Cathode C l i 4  rieg, CO neg HCHO weak p o s ,  tlcOH ncg,  IICOOH wcak p o s .  
18 h a t e r  c o o l e d  Cathode CH4 neg, CO neg llCll0 weak 1,os. PleOH neg,  HCnOl l  wcah pos .  

18 Water c o o l e d  Cathode C114 neg ,  CO nep l l C l l 0  ne:, r ieOl l  neg,  IICnoll  1'0s. E 1 ec t r ode b 1 cvout  

21.5 I c e  b a t h  Cathode CHq neg, CO neg tIC110 weak pos ,  CleOll neg ,  IICOnli weak 1'0s. 

1 3  IVa t er coo  1 ed tIC11O neL, FleOH ncg,  I l C O O l l  y o s .  A f t e r  49-1/2 h r s  a n o l y t e  
1 3  ilclin neg, F k O H  ne;, IiCnOii p o s .  shoved weak p o s i t i v e  
1 3  HCIIO neg, E'eOll ne):, IlCOOll pos. t e s t  f o r  I I C O n l l .  
1 3  f1CHO neg, FleOtl ncg,  HCO011 pos. 

19 I lCI IO neg E l e c t r o l y t c  pushed i n t o  
19 c a t h o d e  s e c t i o n  o v e r n i g h t .  

_ _  - - - _ _  _ -  _ -  - - I_ -_ - __ - - - - ._ __. _ _  

19 
19 
19 
19 

24  
2 4  

2 4  

5.2 

Kat er  coo  1 eJ  

h a t e r  cooled  

Ifat  e r coo 1 cd 

4.5 
5.5 
5.5 
5.7 
6 .0  

6 . 5  

6 -  7 

W a t e r coo  1 ed 

Kat e r c o o  1 cd 

n i l  cooled  

O i l  cooled  

Ci14 and CO neg.  

CH4 and CO nee .  
Ct l4  and CO neg. 
0.04% cn 
0.04% cn  
0 . 0 4 6  ro 

0.04% CO 

0.07% co 

Negative 

HCIIO ncg, b!cOH neg, IlCOCIll weak p o s .  
IICHO ncg, E:eOll nefi, IlCnOll weak pos. 

llCll0 neg, F'cOl l  neg, IICOCIII ne::. 

IICIIO ncL , VeOli  neg. l i C ( l O l l  nct:. 

i n  cc  10% ti2sn4 3cicicd t o  
c a t h o l y t e  a f t e r  5 h r s .  

Cathode c o n t a c t  h i r e  
pushcd o u t  of  IIg by p r e s s u r e  
sometime a f t c r  5 h r s .  _ -  . - I .  I 

Cathode hrohe o f f .  0.1 a m ~  
on o v e r n i E l t  t o  c c u n t c r  
r n l v n n i c  e f f e c t .  Next 
niorniny c c l l  r.xs barn. ankt 
1 an)]) r u r r c n t .  

Cathode :,as c o l l e c t e d  i n  
!:as h u r e t .  

r a t h o d e  i n s  c o l l r c t r d  i n  
! . I S  b u r e t .  



Time Currciit c a t  h OJ Density e 
E 

c a t  I 1 0  1 Y t  e (hrs) A x  (1113/ Clll) Anolyte 0 i a ph r a Em Cathode I!un ' o p e  of Cel l  

196 Renker S a t .  K2SO4 Alundum cup 1 i n .  d iameter  S a t .  K2SO4 7 1 26.6 I 
I 31.2 I 

carbon impreg- 11-1/2 1 26.6 
nated wi th  Ilg 

S a t .  K2SO4 3 1 . 0  
16 .35 10.9 

1 9 7  2" Glass p i p e  S a t .  K2SO4 Ion exchange h 
membrane (N) 
heavy 28  .35 10.9 

I 
1 9 8  B a t t e r y  j a r  S a t .  K2SO4 Alundum cup Cd Fe m i x  S a t .  KzS04 5 1 . 4  6.3 

3 x 6" p l a t e  26-1/2 1 . 4  6.3 

199 Large 14-cell S a t .  K2SO4 Alundum cup Cd powder S a t .  KZS04 7 - 1 / 2  0.8 61.8 

46-1/2 1 . 4  6 .3  

on Ag g r i d  

200 B a t t e r y  j a r  S a t .  K2SO4 Alundum cup Cd Pe mix S a t .  K2SO4 32 1.5 6 . 7 5  
3 x 6" p l a t e  

' 201 

202 

~ 205 

204 

205 

206 

Large I l - ce l l  

Autoclave 
50 atms CO2 

Aut oc 1 ave 
50 atms CO2 

Beaker 

2 "  Glass  p ipe  

2" Glass pipe  

S a t .  K2.504 

S a t .  K2SO4 

S a t .  K2SO4 

S a t .  K2SO4 

S a t .  K2SO4 

S a t .  K2SO4 

Alundum cup Cd powder on 
Ap, g r i d  
amalgamation 

Zn 
Alundum cup Amalgamated 

Alundum cup Amalgamated 
cu  

Alundum cup He 
Alundum cup 11 6 

Alundum cup tlg 

S a t .  K2SO4 

S e t .  K2SO4 

S a t .  K2SO4 

S a t .  K2SO4 

S a t .  K  SO 
20 gm $,(So - 
10 t iZn p e r  4 iZcr  

S a t .  KzS04 
10 gm c o b a l t i c  
a c e t a t e  p e r  
l i t e r  

32 

2 - 1 / 2  
1 7 - 1 / 2  
2 4  

3 
6 

1 4  

92 

100 

100 

0 .5  

1.5 
0.1 
1 

1 
1 
1 

25 

1 

1 

38.5 

6.45 I 
I 

0.43 
4.3 

4.3 
4.3 
4.3 

1 2000 

31.2 

1 31.2 

* Cumula t ive  t ime 
I I o n a c  MC 3142 c a t i o n  exchange  membrane 
p P u l s a t i n g  c u r r e n t ,  1 0  s econds  on ,  5 s e c o n d s  o f f  
N Nepton CR-61 c a t i o n  exchange  membrane 

I 



Vol ts  - 

1 3.4 
3.5 

6 . 2  
6.2 I 6 ..2 

1 3  

8 6 . 2  

Temperature 
T e s t s  

Cas Phase Products  Catholyte  Organic  Product  

b s b i e n t  HCHO nee, NeOH nee,  IICOOH neg. 
Ambient Cathode CH4 4 CO neg. HCHO neg, blcOll neg ,  tICOOt1 neg.  

Cathode C114 6 CO ne&. 

O i l  cooled 

Wntcr Cooled 

O i l  cooled  

Water t o o l e d  

Negativc 
Necntive 
Negative 

Negative 
Negnt ive 
Negative 

Negative 

Negative 

Reaarks 

Osmosed i n t o  c a t h o l y t e  
(about  1 / 2  of  a n o l y t e )  

7 .0  

I 4 . 6  . ~~ 

3.1 
4 . 1  I 4 . 1  
4 ..1 
4 . 1  

5.3 1 14.8 

1 2 . 0  8 

P i 1  cooled  

Water cooled  
0.07: CO 
0.02% co 

Water cooled  0.04% CO 
0.03% CO 
Trace  CO 

Water cooled  

Water coolcd  

Water cooled 

Nebat ive 

Negative 

Negative 

IKOOH pos.  a n o l y t e  and 
c a t h o l y t e  

HCHO neg, HCOOH pos. 

HCHO neg, HCOOH woak pos .  

HCHO nee, HCOOH weak pos. 
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TABLE 3 - CATHOLYTE SOLUTIONS WITH EXTREMELY POOR ~ONDUCTIVATY 
AT 45-48 VOLTS 
7 ,  

Ether Solvent Bis-2-dimethoxyethyl Anisole Solvent 
Ether Solvent 

a -- . - _ _  I_ 

Li2S04 

K2S04 
LiCl 

BeS04 

Li 2 SO4 

LiCl 

NaN03 

Na2C03 

BeC12 

LiCl 

Li2S04 

NaCl 

Na2S04 

MgS04 

TABLE 4 - ORGANIC SYSTEMS WITH CONDUCTIVITY 
BUT NO SIGNIFICANT REDUCTIONS 

LiCl in acetone 

LiCl in pentanone 

LiCl in pyridine (with and without Raney nickel catalyst) 

LiCl in acetonitrile (with and without Raney nickel catalyst) 

LiCl in propylene carbonate 



M SA Re s e a r  c h C o r p  o r a t i  o n  r- 
i f  

The s o u r c e  o f  d i r e c t  c u r r e n t  u s e d  i n  t h e s e  e x p e r i m e n t s  was 
r e c t i f i e d  a l t e r n a t i n g  c u r r e n t  u p  t o  1 1 0  v o l t s ,  
were u s e d  f o r  t h e  non-aqueous s y s t e m s ,  
p e r f o r m e d  w i t h  p u l s a t i n g  d o c ,  10 s e c o n d s  on and f i v e  s e c o n d s  o f f .  
A p r o p o r t i o n a l  timer i n  s e r i e s  w i t h  a r e l a y  p r o v i d e d  a r e l i a b l e  
a u t o m a t i c  p u l s a t i n g  c u r r e n t , ,  

The h i g h e r  v o l t a g e s  
S e v e r a l  e x p e r i m e n t s  were 

a. Cathode  Material and S t r u c t u r e  

p l o r a t o r y  s t u d i e s ,  
hydrogen  o v e r v o l t a g e s ;  b u t  a few o t h e r  ma te r i a l s  were t r i e d  f o r  

T a b l e  5 l i s t s  t h e  v a r i o u s  ma te r i a l s  u s e d  a s  c a t h o d e s  i n  ex- 
Emphasis was F l s c e d  OF. mater ia l s  w i t h  high 

TABLE 5 - MATERIALS SCREENED AS POSSIBLE CATHODES 

High O v e r v o l t a g e s  Large S u r f a c e  Areas Reducing Agents  

Pb,  Cd, Hg, Zn, C ,  p o r o u s  N i  K-Hg, Mg 

Mg, Pb 
Zn-Hg, Cu-Hg, Sn ,  

O t h e r  

Pd, A 1  

r e a s o n s  o f  h a v i n g  l a r g e  s u r f a c e  a r e a s s  o f  b e i n g  p e r m e a b l e  t o  
hydrogen  o r  of  b e i n g  r e d u c i n g  a g e n t s ,  Hydrogen o v e r v o l t a g e s  a 
r e l a t e d  t o  p o s i t i o n  o f  t h e  c a t h o d e  metal i n  t h e  P e r i o d i c  T a b l e  
as i s  shown i n  Tab le  6 ,  I t  i s  s e e n  t h a t  Group I1 metals have  h i g h  
t y p i c a l  o v e r v o l t a g e s ;  and t h u s ,  cadmium, mercury  and  i t s  amalgams, 
z i n c  and  magnesium were chosen  f o r  h i g h  hydrogen  o v e r v o l t a g e s ;  
c a r b o n  and p o r o u s  n i c k e l  f o r  h i g h  s u r f a c e  a reas ;  p a l l a d i u m  f o r  
i t s  p e r m e a b i l i t y  t o  hydrogen  and c a t a l y t i c  p r o p e r t i e s ;  and p l a t i n u m  
a l s o  f o r  i t s  c a t a l y t i c  p r o p e r t i e s ,  Lead h a s  an anomously h i g h  
o v e r v o l t a g e  a t  h i g h  c u r r e n t  d e n s i t i e s  c o n s i d e r i n g  i t s  p o s i t i o n  
i n  t h e  P e r i o d i c  Tab le  and was t h u s  t e s t e d  a l s o ,  

$5 



1 8  

TABLE 6 - H Y D R O G E N  OVERVOLTAGE OF METALS A N D  T H E I R  
POSITION I N  THE P E R I O D I C  TABLE 

Group i n  t h e  Metal Typical  
Ov e rv  o 1 t age - - Periodic T a b l e  

I Na, Cu, Ag, Au 

I1 Mg, Zn, Cd, Hg 

I11 A l ,  T 1  

I V  C, Sn, Pb 

v Sb, Ta, Bi 

V I  C r ,  Mo, W 

V I 1  Mn 

V I 1 1  Fe, N i ,  Rh, P t ,  I r  

0 0 3 5  V o l t  

0,70 v o l t  

o o 5 0  v o l t  

0,45 v o l t  

0 0 4 2  V o l t  

0 0 3 2  V o l t  

0025 v o l t  

0 , 1 8  v o l t  
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S i n c e  p h y s i c a l  c o n d i t i o n  of  t h e  c a t h o d e  o f t e n  i n f l u e n c e s  i t s  
r e d u c i n g  a b i l i t y  and s i n c e  c a s t i n g  t e m p e r a t u r e  c a n  i n f l u e n c e  t h e  
p h y s i c a l  s t a t e  of  m e t a l s ,  t e s t s  were made on t h e  e f f e c t  of c a s t i n g  
t e m p e r a t u r e  upon c a t h o d e  p e r f o r m a n c e o  T a b l e  7 shows mater ia l s  
and t e m p e r a t u r e s  u s e d  i n  t h e  t e s t s ,  

TABLE 7 - C A S T I N G  TEMPERATURES OF VARIOUS CATHODE MATERIALS 

Mat e r i  a1 Pb Zn Sn Cd 

C a s t i n g  Temp, 25,  2 7 5  25, 370  
("C> 

25 ,  180 25, 2 8 0  

Because  of  t h e  v a r i e d  e x p e r i m e n t s  and  t y p e  c e l l s  s t u d i e d  i t  
was n o t  f e a s i b l e  t o  u s e  a s t a n d a r d  e l e c t r o d e  a rea  and  shape,, The 
c a t h o d e s  were g e n e r a l l y  u s e d  i n  t h e  form o b t a i n e d  s u c h  as  s o l i d  
round  o r  r e c t a n g u l a r  b a r s ,  shee ts ,  s c r e e n  o r  l i q u i d  mercury  and 
amalgams, The c a t h o d e  shapes  and d i m e n s i o n s  were d i c t a t e d  by t h e  
t y p e  o f  c e l l ,  S imple  g l a s s  c e l l s  s u c h  as t h e  "H" o r  "beaker"  
t y p e  r e q u i r e d  o n l y  t h a t  t h e  c a t h o d e  ma te r i a l  e x t e n d e d  above t h e  
e l e c t r o l y t e  s o  t h a t  t h e  c o n n e c t i n g  wires would be  c lear  o f  t h e  
e l e c t r o l y t e ,  S p e c i a l  e l e c t r o d e s  were r e q u i r e d  f o r  i h -pres+- 

The s o l i d  e l e c t r o d e s  were a t t a c h e d  t o  a e s s  
s t e e l  r o d  which s e r v e d  as  t h e  c o n n e c t i n g  l e a d  t h r o u g h  an  i n s u l a t e d  
Conax e l e c t r o d e  g l a n d ,  Cathodes i n  s h e e t s  form s u c h  as l e a d ,  z i n c  
and  c o p p e r  were p l a c e d  by t h e  same method,  The c a t h o d e  mater ia l  
was a t t a c h e d  t o  t h e  1 / 8  i n ,  s t a i n l e s s  s t e e l  r o d  above  t h e  e l e c t r o -  
l y t e  l e v e l ,  The s e c t i o n  of t h e  s t a i n l e s s  s t e e l  r o d  t h a t  was ex- 
p o s e d  i n s i d e  t h e  c e l l  was wrapped w i t h  T e f l o n  t a p e  i n  o r d e r  t o  
p r o t e c t  a g a i n s t  c o r r o s i o n  p r o d u c t s  c o n t a m i n a t i n g  t h e  e l e c t r o l y t e ,  
Mercury c a t h o d e s  were u s u a l l y  p l a c e d  i n s i d e  small  g l a s s  o r  p l a s t i c  
c u p s  i n  t h e  c a t h o d e  area of  t h e  c e l l ,  C o n t a c t  was made by  p l a t i n u m  
wire s e a l e d  i n  a g l a s s  t u b e ,  For  p r e s s u r e  c e l l s  t h i s  t y p e  of con-  
t a c t  was s o l d e r e d  t o  a 1 / 8  i n ,  r o d  which s e r v e d  as  t h e  c o n n e c t i n g  
l e a d  t h r o u g h  a Conax e l e c t r o d e  g l a n d ,  

Under c o n d i t i o n s  of  t h e  t e s t s ,  r e d u c t i o n  o f  CO was o b t a i n e d  
o n l y  w i t h  mercury  o r  c e r t a i n  amalgams (K-Hg and Zn-Ag) a s  c a t h o d e s  
and  t o  a l i m i t e d  e x t e n t  w i t h  p a l l a d i u m ,  The t e s t s  were c a r r i e d  
o u t  i n  d i f f e r e n t  manners ,  depending  upon t h e  n a t u r e  of t h e  c a t h o d e .  
I n  t h e  case o f  a l i q u i d  c a t h o d e ,  C 0 2  was b u b b l e d  t h r o u g h  t h e  l i q u i d  
metal  and i n t o  t h e  c a t h o l y t e  d u r i n g  e l e c t r o l y t e  o r  t h r o u g h  t h e  
l i q u i d  metal and i n t o  t h e  a i r  ( F i g  l I 0  I n  t h e  case of e x h a u s t i n g  

d u r e  c e l l q ,  
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t o  t h e  a i r ,  t h e  r e d u c t i o n  p r o d u c t s  were e x p o s e d  t o  h y d r o l y s i s  a c t i o n  
f rom time t o  time t o  r e p e a t  t h e  c o n d i t i o n s  o f  Miller e t  a l l * ,  who 
exposed  t h e  r e a c t i o n  p r o d u c t s  t o  h y d r o l y s i s  by t h e  a c t i o n  o f  
3" SOqP A l t e r n a t e l y ,  an a t t e m p t  was made t o  h y d r o l y z e  r e a c t i o n  

o f f  t h e  v e n t  and  f o r c i n g  t h e  d r y  l i q u i d  amalgam u n d e r  CO 

t h e  g a s  was f o r c e d  o u t  o f  t h e  p o r e s  and  i n t o  t h e  e l e c t r o l y t e ;  and  
i n  case of s o l i d  c a t h o d e s  c o n t a c t  was o n l y  by d i s s o l v e d  CO , a t  
times u n d e r  p r e s s u r e ,  Coulombic e f f i c i e n c i e s  of as  h i g h  a8 a b o u t  
20% were measured with a mercury cathcdc and a b o u t  1 2 %  w i t h  amalga-  
mated  c o p p e r  u s i n g  KzSO4 e l e c t r o l y t e s ,  

b o  Diaphragms 

p r o  5 u c t s  on a c l o s e d  c y c l e  b a s i s ,  T h i s  was a c c o m p l i s h e d  by s h u t t i n g  
p r e s s u r e  

i n t o  t h e  e l e c t r o l y t e  s o l u t i o n ,  I n  t h e  case o f  p o r o u s  ma z e r i a l s ,  

Diaphragms c a n  s e r v e  t o  p r e v e n t  t r a n s f e r  o f  o x i d i z a b l e  c a t h o d e  
p r o d u c t s  t o  t h e  anode compartment where t h e y  migh t  be  o x i d i z e d  o r  
t o  p r e v e n t  mix ing  o f  a n o l y t e  and e a t h o l y t e ,  I n  t h e  l a t t e r  case ,  i o n -  
exchange  membranes were c o n s i d e r e d  u s e f u l ,  e s p e c i a l l y  where i t  was 
d e s i r a b l e  t o  keep  aqueous  a n o l y t e s  f rom c o n t a m i n a t i n g  anhydrous  
o r g a n i c  c a t h o l y t e s ,  C a t i o n  exchange membranes t h u s  would p e r m i t  
t r a n s p o r t  o f  c u r r e n t  by means o f  t r a n s f e r  o f  hydrogen  i o n s  from 
a n o l y t e  t o  c a t h o l y t e ,  T a b l e  8 l i s t s  t h e  t y p e s  o f  d i aphragms  u s e d .  

TABLE 8 - TYPES O F  D I A P H R A G M S  USED 

Porous  alundum Parchment  

Porous  alundum p l u s  c e l l o p h a n e  Nepton CR-61 C a t i o n -  

C e l l o p h a n e  I o n a c  MC-3142 C a t i o n -  

exchange  membrane 

exchange  membrane 

No e f f ec t s  o f  u s e  of  membranes i n  r e d u c t i o n  o f  C 0 2  were shown, 
p o s s i b l y  b e c a u s e  of  t h e  low c o n c e n t r a t i o n s  of f o r m i c  a c i d  p r o d u c e d ,  
I n  t h e  case o f  s t a r t i n g  w i t h  h i g h  c o n c e n t r a t i o n s  of f o r m i c  a c i d  

- i n  t h e  c a t h o l y t e  t o  d e t e r m i n e  i t s  r e d u c i b i l i t y ,  e l e c t r i c a l  endos -  
m o s i s  o f  a n o l y t e  i n t o  c a t h o l y t e  o c c u r r e d ,  t h r o u g h  t h e  c a t i o n  e x -  
change  membranes, i n t e r f e r i n g  w i t h  c e l l  o p e r a t i o n ,  F u r t h e r m o r e ,  
i t  was found  t h a t  t h e  ion -exchange  membranes had  a f i n i t e  p e r -  
m e a b i l i t y  t o  water, water c o n t e n t  o f  t h e  c a t h o l y t e  d i d  b u i l d  up 
t o  as h i g h  as 2 0 % ,  
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E x p l o r a t o r y  t e s t s  on use  o f  p o t e n t i a l  r e d u c t i o n  p r o m o t e r s  and 
c a t a l y s t s  f a i l e d  t o  show p romise ,  These  ma te r i a l s  were e i t h e r  
s u s p e n d e d  i n  t h e  c a t h o l y t e  o r  d i s s o l v e d  t h e r e i n ,  d e p e n d i n g  on w h e t h e r  
t h e y  were i n s o l u b l e  o r  s o l u b l e ,  
i n  T a b l e  9 ,  

A l i s t  o f  materials t e s t e d  i s  g i v e n  

TABLE 9 - MATERIALS TESTED FOR PROMOTER AND CATALYST A C T I V I T Y  

Mercury Black 

d o  C a t h o l y t e s  

s t r o n g l y  a c i d  e l e c t r o l y t e s  and l o f  
p o t a s s i u m ,  sodium and l i t h i u m  have  been  r e p o r t e d  as p r o m o t i n g  re -  
d u c t i o n s ,  Such s o l u t i o n s  were t e s t e d  i n  s t u d i e s  of e l e c t r o l y t e  
c o m p o s i t i o n ,  S i m i l a r  s a l t s  were a l s o  t e s t e d ,  e s p e c i a l l y  t h o s e  w i t h  
h i g h  d e c o m p o s i t i o n  p o t e n t i a l s ,  These  i n c l u d e d  t h e  s u l f a t e s  o f  
b e r y l l i u m  and magnesiumo 

As w i l l  b e  p o i n t e d  o u t  i n  C o l l a t i o n  w i t h  t h e  L i t e r a t u r e  below,  

I n  e f f o r t s  t o  i n c r e a s e  t h e  d i s c h a r g e  p o t e n t i a l  o f  t h e  e l e c t r o -  
l y t e  by r e d u c i n g  hydrogen  ion  c o n c e n t r a t i o n  i n  t h e  c a t h o l y t e ,  
o r g a n i c  c a t h o l y t e  s o l v e n t s  were t e s t e d  i n  c o m b i n a t i o n  w i t h  c a t i o n  
exchange  membranes and  aqueous a n o l y t e s  t o  p r o v i d e  a n o d i c  oxygen. 
The o r g a n i c  c a t h o l y t e s  were p r e p a r e d  by p l a c i n g  t h e  c a t h o l y t e  s a l t  
t o  b e  u s e d  i n  a 500  m l  f l a s k  and a d d i n g  t h e  o r g a n i c  s o l v e n t .  The 
m i x t u r e  was s t i r r e d  s e v e r a l  h o u r s  t o  i n s u r e  s a t u r a t i o n ,  The p r e -  
p a r e d  c a t h o l y t e  was t h e n  t r a n s f e r r e d  t o  t h e  c a t h o d e  compartment  
of t h e  c e l l  a l o n g  w i t h  some s o l i d  e l e c t r o l y t e  t o  i n s u r e  maximum 
s a t u r a t i o n .  The c e l l  a r r angemen t  f o r  t h i s  i s  shown i n  F i g  2 ,  
The l i t e r a t u r e  shows d e p o s i t ' o  o f  b e r y l l i u m  om e t h e r e a l  s o l u t i o n s  
and  o f  l i t h i u m  from a c e t o n e  l b p P 6  and p y r i d i n e f 5  and  t h e s e  s y s t e m s  
were t e s t e d  a l o n g  w i t h  o t h e r  s imilar  o n e s  a s  i n d i c a t e d  i n  T a b l e  1 0 ,  
wh ich  a l s o  shows t h e  comple t e  l i s t  o f  c a t h o l y t e  s y s t e m s  t e s t e d .  
The c e l l  i n c o r p o r a t e s  p r e s s u r e  b a l a n c e  c o n t r o l s  t o  p r e v e n t  mix ing  
of c a t h o d e  and anode g a s e s  and t o  p r e v e n t  p r e s s u r e  u n b a l a n c e s  
t h a t  migh t  r u p t u r e  t h e  membrane, C o n t r o l  i n v o l v e s  u s e  of two 
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TABLE l o  - CATHOLYTE SYSTEMS TESTED 

Aqueous 

LizSOq 

Li2S04 + H2SO4 

Na2S04 

Na2S04 + H2S04 

K2S04 
K2S04 + H2S04 

w 0 4  

H2S04 

BeS04 

KOH 

BeFZ 

Non-Aqueous 

monoethanol amine 

MgS04 in methanol 

BeS04 in dioxane 

K2S04 in dioxane 

Li2S04 in dioxane 

Li SO4, K SO 

Li2SOqe LiC1, NaN03, NaZCO3, 

LiC1, BeS04, 
Mg 6 O4 in $ie%yl ether 

oxye BeCIZ hyl et 2 er KZCO in bis-2-dimeth- 

LiCl in acetone, pentanone, 
pyridine, acetonitrile, 
propylene carbonate 

LiCl, LiZSO4, NaC1, Na2S04, 
MgS04 in anisole 
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d i f f e r e n t i a l  s w i t c h e s  and two s o l e n o i d  v a l v e s ,  One s w i t c h ,  o p e r a t i n g  
t h r o u g h  a r e l a y ,  c o n t r o l l e d  v e n t i n g  o f  t h e  c a t h o d e  and  anode  g a s e s  
a c c o r d i n g  t o  a se t  r e f e r e n c e  p r e s s u r e ,  The o t h e r  s w i t c h  c o n t r o l l e d  
t h e  c a t h o d e  v e n t  a c c o r d i n g  t o  t h e  p r e s s u r e  d i f f e r e n t i a l  be tween 
t h e  anode  and c a t h o d e ,  I n  t h i s  way t h e  c a t h o d e ,  which e v o l v e s  
hydrogen  a t  twice t h e  r a t e  of oxygen a t  t h e  anode ,  would v e n t  and 
m a i n t a i n  e q u a l  p r e s s u r e s ,  E x c e s s i v e  i n c r e a s e  of  c e l l  p r e s s u r e  o v e r  
r e f e r e n c e  p r e s s u r e  i s  r e l i e v e d  t h r o u g h  t h e  o t h e r  s w i t c h  on t h e  
anode ,  
o p e r a t i o n  of t h e  f i rs t  s w i t c h ,  

Relief of  c a t h o d e  p r e s s u r e  would o c c u r  s i m u l t a n e o u s l y  by  

The o r g a n i c  s y s t e m s ,  wi th  t h e  e x c e p t i o n  o f  t h a t  w i t h  me thano l  
as  s o l v e n t ,  a l l  had h i g h  r e s i s t i v i t y  s o  t h a t  any r e d u c t i o n  if any  
would b e  accompl i shed  w i t h  low e n e r g y  e f f i c i e n c y ;  and none  ex- 
c e p t i n g  p o s s i b l y  me thano l  gave i n d i c a t i o n s  of r e d u c t i o n ,  With 
u s e  of mercu ry  c a t h o d e s ,  t h e  f o l l o w i n g  aqueous  c a t h o l y t e s  gave  re-  
d u c t i o n  of C 0 2  t o  f o r m i c  acid:  L12S04, K2SO # NaZSOq and BeSO o 

amounts  of fo rma ldehyde  when h i g h  c o n c e n t r a t i o n s  o f  f o r m i c  a c i d  
were b u i l t  up p r i o r  t o  e l e c t r o l y s i s ,  Any e l e c t r o c h e m i c a l  r e a c t i v i t y  
i n  m e t h a n o l  may have  been  t h a t  o f  t h e  a n o d i c  o x i d a t i o n  o f  me thano l  
r a t h e r  t h a n  c a t h o d i c  r e d u c t i o n  o f  CO T h i s  i s  b e c a u s e  w h i l e  
membranes were u s e d  t o  i n h i b i t  t r a n s  1 e s  o f  m e t h a n o l  t o  t h e  a n o l y t e ,  
t h i s  i n h i b i t i o n  was n o t  v e r y  e f f e c t i v e  and  me thano l  was d e t e c t e d  
i n  t h e  a n o l y t e  a t  t h e  end  o f  t h e  r u n s ,  

These  same s y s t e m s  gave  r e d u c t i o n  o f  some f t rmic a c i d  t o  smal 4 

e ,  P r e s s u r e  

S e v e r a l  t y p e s  o f  p r e s s u r e  t e s t s  were r u n  u p  t o  50  p s i g ,  One 
of them was i n  a g l a s s  c e l l  made by j o i n i n g  two s t a n d a r d  f l a n g e d  
g l a s s  p i p e  e l l s  w i t h  a 4 i n ,  f l a n g e d  n i p p l e  on e a c h  s i d e o ( F i g  2) 
C l o s u r e  was accompl i shed  by  f l a n g i n g  s p e c i a l  p l a t e s  t o  t h e  t o p s  o f  
t h e  two l e g s  of t h e  c e l l ,  P r o v i s i o n  was made t o  p e r m i t  s a m p l i n g  
b o t h  anode  and c a t h o d e  compar tments ,  which were s e p a r a t e d  by u s e  of 
membranes a t  t h e  c o n n e c t i n g  f l a n g e ,  

Another  t y p e  o f  p r e s s u r e  r u n  a t  50  p s i g  was made i n  a 4 i n .  
g l a s s  p i p e  cup  h a v i n g  a c o n c e n t r i c  c a t h o d e  compartment  and p l a t i n u m -  
rhodium unimesh anode ,  
t a i n e r  a t  t h e  bot tom o f  an alundum cup ( F i g  3 1 ,  

The c a t h o d e  was a p o o l  of mercu ry  i n  a con-  

I n  o r d e r  t o  d e v e l o p  h i g h e r  p r e s s u r e s  o f  C 0 2  f o r  r e d u c t i o n ,  
two o t h e r  t y p e s  o f  c e l l  were u s e d ,  One c o n s i s t e d  o f  a s t e e l  p i p e  
l i n e d  w i t h  a p o l y e t h y l e n e  cup h a v i n g  a mercu ry  c a t h o d e  of 8 0 8  cm2 
area a t  t h e  bot tom,  Cathode c o n n e c t i o n  was made w i t h  a T e f l o n -  
i n s u l a t e d  p l a t i n u m - t i p p e d  wire f i t t e d  t h r o u g h  a Conax e l e c t r o d e  
g l a n d .  P r e s s u r e s  up t o  50 a tmosphe res  were d e v e l o p e d  i n  t h e s e  
t e s t s  
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Another  t y p e  o f  h i g h  p r e s s u r e  r u n  was made i n  a one  l i t e r  
a u t o c l a v e  e q u i p p e d  w i t h  a s t i r rer  t o  p r o v i d e  a g i t a t i o n  of  t h e  
e l e c t r o l y t e  d u r i n g  e l e c t r o l y s i s ,  The g a s  p h a s e s  from t h e  anode  and 
c a t h o d e  were mixed i n  t h e  a u t o c l a v e ;  and a n a l y s i s  d i d  n o t  d i s -  
t i n g u i s h  be tween t h e  two p r o d u c t  streams, 

No b e n e f i c i a l  e f f e c t s  of i n c r e a s e d  p r e s s u r e  were o b s e r v e d  
i n  any  o f  t h e  r u n s o  

f Tempera tu re  

I t  was n e c e s s a r y  t o  p r o v i d e  some means o f  t e m p e r a t u r e  c o n t r o l  
f o r  t h e  c e l l s  d u r i n g  ex tended  t e s t s  i n  o r d e r  t o  min imize  l o c a l i z e d  
h e a t i n g  a t  t h e  e l e c t r o d e  a r e a s o  The c e l l s  were p l a c e d  i n  c o o l i n g  
b a t h s  o f  r u n n i n g  t a p  water t h a t  m a i n t a i n e d  
C o o l i n g  f o r  low t e m p e r a t u r e  t e s t s  was done by p l a c i n g  t h e  c e l l  i n  
an i ce  b a t h ,  Cold mercu ry  c a t h o d e s  were o b t a i n e d  i n  s e v e r a l  tes ts  
by submerg ing  d r y  i c e  i n  t h e  mercu ry  c a t h o d e ,  T h i s  s e r v e d  a d u a l  
p u r p o s e  i n  t h a t  t h e  d r y  i c e  s u p p l i e d  t h e  C 0 2  a t  t h e  c a t h o d e ,  Thermo- 
s t a t t e d  o i l  b a t h s  were u s e d  f o r  u n i f o r m  e l e v a t e d  t e m p e r a t u r e  ope-  
r a t i o n , ,  

t e m p e r a t u r e s  of  25-30'C. 

Runs 53 ,  56 ,  58 ,  6 0 ,  6 1  and  169 were made w i t h  t h e  c e l l s  h e l d  
a t  lowered  t e m p e r a t u r e  and r u n s  86 ,  103-106 ,  117-119 and 127-129 
a t  e l e v a t e d  t e m p e r a t u r e s  t o  s e e  i f  s i g n i f i c a n t  improvement i n  re-  
d u c t i o n  m i g h t  be  t h e r e b y  o b t a i n e d ,  No s u c h  improvement was o b s e r v e d .  

i i o n  o f  Formic Acid 

S i n c e  f o r m i c  a c i d  i s  an i n t e r m e d i a t e  i n  t h e  r e d u c t i o n  of car-  
bon d i o x i d e  t o  fo rma ldehyde ,  some r u n s  were made t o  d e t e r m i n e  re -  
d u c i b i l i t y  o f  f o r m i c  a c i d  t o  fo rma ldehyde  d i r e c t l y ,  
a t t a i n e d  i n  r u n s  1, 3 ,  1 6 ,  2 2 ,  25-31 ,  36 -39 ,  44-45 ,  48-50,  52 ,  
85-86 ,  91-92 ,  99-100,  107 ,  109, 125  and  130-131,  The re  i s  some 
e v i d e n c e  t h a t  i n  t h e  e a r l i e r  r u n s  (1 -52)  r e d u c t i o n  was c h e m i c a l  
s i n c e  t h e  z i n c  and  magnesium c a t h o d e s  showed s i g n s  of c o r r o s i o n  
i n  areas remote  from t h e  anodes and s i n c e  z i n c  metal was s e e n  t o  
be  r e d e p o s i t e d  i n  areas  n e a r  t h e  anode ,  F u r t h e r m o r e ,  t h e  r e d u c t i o n s  
were o b t a i n e d  o n l y  a t  low c u r r e n t  d e n s i t i e s ,  a t  which o n l y  p o o r  
c a t h o d i c  p r o t e c t i o n  a g a i n s t  c o r r o s i o n  i s  o b t a i n e d ,  

S u c c e s s  was 

A l l  o t h e r  s t r o n g l y  p o s i t i v e  t e s t s  were o b t a i n e d  w i t h  mercu ry  
c a t h o d e s  and  BeS04 c a t h o l y t e s ,  
d u c i b i l i t y  o f  f o r m i c  a c i d  wi th  t h i s  s y s t e m ,  which may b e  b a s e d  on 
t h e  f a c t  t h a t  t h e  v e r y  a c t i v e  b e r y l l i u m  metal  d o e s  n o t  amalgamate w i t h  mercu ry ,  25 

No e x c e p t i o n s  were found  on r e -  
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Reduc t ion  of  c a r b o n  d i o x i d e  t o  f o r m i c  a c i d  was r e g u l a r l y  
a c c o m p l i s h e d  w i t h  mercu ry  c a t h o d e s  and  s u l f a t e s  of a l k a l i  metals 
as e l e c t r o l y t e s  i n  g l a s s  ce l l s  a t  room t emper  t u r e ,  C u r r e n t  
d e n s i t i e s  r anged  from 0 , 4  ma/cm2 t o  485 ma/cm?; and a cou lombic  
e f f i c i e n c y  ( r u n  184)  a s  h i g h  as 2 0 %  was measu redo  Runs 58 ,  63, 
183-5 ,  187 ,  188 ,  190 ,  191 ,  1 9 2 A  and 2 0 4  form t h e  b a s i s  of t h i s  
g e n e r a i i z a t i o n ,  

N o n - r e p r o d u c i b l e  r e d u c t i o n s  were obtained with a similar 
c a t h o d e  and  BeS04 e l e c t r o l y t e  ( r u n s  84 and  93)  and w i t h  s imilar  
e l e c t r o l y t e s  w i t h  z i n c  and mercury amalgam s a t h o d e s  ( r u n  193 and  
2 0 3 ) ,  Some r e d u c t i o n  was a l s o  o b s e r v e d  w i t h  s u l f u r i c  a c i d  e lec t ro-  
l y t e  and  a p a l l a d i u m  c a t h o d e  ( r u n  l O l > ,  

t race  amounts  a t  b e s t ,  
R e d u c t i o n s  o f  c a r b o n  d i o x i d e  beyond f o r m i c  a c i d  were o n l y  i n  
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V, C O L L A T I O N  WITH THE L I T E R A T U R E  

A b a s i c  r e f e r e n c e  t o  r e d u c t i o n  o f  COz3  i n d i c a t e s  t h a t  p u r e  
aqueous  s o l u t i o n s  and  s t r o n g l y  a c i d  s o l u t i o n s  o f  c a r b o n  d i o x i d e  
y i e l d  t races  o f  f o r m i c  a c i d ,  t h a t  t h e r e  i s  good r e d u c t i o n  w i t h  
c a t h o d e s  o f  mercu ry ,  amalgamated z i n c ,  z i n c  o r  amalgamated 
c o p p e r ,  Lead c a t h o d e s  were r e p o r t e d  t o  work well u n d e r  c e r t a i n  
c o n d i t i o n s ; a n d  e i e c t r o i y t i c  z i n c ,  amalgamated c o  e r  and  s p e c i a l l y  
p r e p a r e d  l e a d  c a t h o d e s  are t o  g i v e  good r e s u l t s ,  qg I n c r e a s e d  
p r e s s u r e s  were r q m r t e d  t l z  p r m c t e  rebuct fc r .  2r.d s c l u t i c r . ~  of  
t h e  s u l f a t e s  ~6 p o t a s s i u m ,  sodium o r  l i t h i u m  t o  be  t h e  b e s t  
e l e c t r o l y t e s ,  

We have  o b s e r v e d  r e d u c t i o n  o f  C 0 2  t o  f o r m i c  a c i d  c o n s i s t e n t l y  
w i t h  mercu ry  c a t h o d e s  and c a t h o l y t e s  o f  l i t h i u m  s u l f a t e ,  p o t a s s i u m  
s u l f a t e  o r  b e r y l l i u m  s u l f a t e ;  and c o n c e n t r a t i o n s  o f  f o r m i c  a c i d  
be tween one  and two p e r c e n t  have been  b u i l t  u p ,  However ,coulombic 
e f f i c i e n c i e s  have  p r o v e d  t o  b e  v e r y  low a s  i s  shown i n  T a b l e  11; 
and  c o n c e n t r a t i o n s  of f o r m i c  a c i d  b u i l t  u p  f rom CO h a v e  n o t  p r o v e d  
l a r g e  enough t o  p e r m i t  f u r t h e r  r e d u c t i o n  t o  f o r m a l 3 e h y d e  o r  me thano l  
Ene rgy  e f f i c i e n c i e s  were even l o w e r  w i t h  o p e r a t i n g  v o l t a g e s  r u n n i n g  
many times t h e  normal  d e c o m p o s i t i o n  v o l t a g e s  o f  a l k a l i  metal s a l t s .  
I n  t h e  case o f  r u n  2 0 3 ,  w i t h  an o p e r a t i n g  v o l t a g e  of 4 , l  v o l t s ,  
compared w i t h  a r e v e r s i b l e  v o l t a g e  o f  1 , 0 2 ,  e n e r g y  e f f i c i e n c y  was 
found  t o  b e  a b o u t  3%0 

Tafel18 s u p p o r t s  t h e  u s e  o f  c a t h o d e s  w i t h  h i g h  hydrogen  o v e r -  
v o l t a g e s  s u c h  as  l e a d  and mercury f o r  r e d u c t i o n  o f  compounds re-  
d u c i b l e  o n l y  w i t h  d i f f i c u l t y ,  and  o t h e r  metals s u c h  a s  t h o s e  i n  
Group I1 o f  t h e  P e r i o d i c  T a b l e ,  Mg, Zn and Cd f a l l  i n t o  t h i s  
c a t e g o r y ,  T h i s  i s  b e c a u s e  t h e  h i g h e r  t h e  hydrogen  o v e r p o t e n t i a l  
of t h e  e l e c t r o d e  g e n e r a l l y  t h e  more p o w e r f u l  i s  i t s  r e d u c i n g  
a b i l i t y ,  o r  t h e  g r e a t e r  t h e  e n e r g y  c o n t e n t  o f  t h e  hydrogen  l i b e -  
r a t e d ,  T h i s  o v e r p o t e n t i a l  i s  s i m p l y  d i f f e r e n c e  be tween t h e  po- 
t e n t i a l  a t  which g a s  e v o l u t i o n  i s  f i r s t  o b s e r v e d  and t h e  t h e o r e t i c a l  
r e v e r s i b l e  p o t e n t i a l  o f  t h e  e l e c t r o d e  i n  t h e  same s o l u t i o n ,  We h a v e  
made e x p l o r a t o r y  s t u d i e s  o f  t h e s e  metals  and have  f o u n d  o n l y  
m e r c u r y  t o  g i v e  c o n s i s t e n t l y  p o s i t i v e  r e s u l t s  u n d e r  c o n d i t i o n s  o f  
t h e  t e s t s ,  S i m i l a r l y  we have made t e s t s  on t h f 3 e f f e c t  o f  working  
o f  t h e  metals, d e s c r i b e d  as sometimes c r i t i c a l  ; and u n d e r  con-  
d i t i o n s  o f  t h e  t e s t s  were no t  a b l e  t o  o b s e r v e  any  e f f e c t .  H ighe r  
o v e r v o l t a g e s  are  r e p o r t e d 1 9  t o  be  o b t a i n e d  a t  h i g h e r  c u r r e n t  
d e n s i t i e s  and a t  lower  t e m p e r a t u r e s ;  b u t  h e r e  a g a i n  u n d e r  c o n d i t i o n s  
of our  t e s t s ,  no e f f e c t s  were o b s e r v e d ,  Carbon i s  l i s t e d 5  as  
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h a v i n g  a f a i r l y  h i  h hydrogen o v e r v o l t a g e ;  and u s e  o f  t h i s  material  
h a s  been  s u g g e s t e d 7  f o r  t h e  s y n t h e s i s  o f  a l c o h o l s ,  
o f  C 0 2  was o b s e r v e d  i n  o u r  t e s t s ;  b u t  a s l i g h t  amount of f o r m a l d e -  
hyde was o b t a i n e d  from r e d u c t i o n  s t a r t i n g  w i t h  f o r m i c  a c i d ,  

S a l t s  o f  Cu, T i ,  S n ,  Pb and V and t h e  o x i d e s  of As and Sb 
have  been  r e p o r t e d 1 7  t o  b e  p romote r s  o f  r e d u c t i o n ;  b u t  h e r e  a g a i n  
u n d e r  c o n d i t i o n s  of  o u r  t e s t s  no  e f f e c t s  were observed.,  

No r e d u c t i o n  

R e d u c t i o n s  o f  f o r m i c  a c i d  t o  fo rma ldehyde  were found  u n d e r  a 
v a r i e t y  o f  c o n d i t i o n s  when s t a r t i n g  w i t h  h i g h  c o n c e n t r a t i o n s  o f  
f o r m i c  a c i d ;  b u t  a p p a r e n t l y  t h e  c o n c e n t r a t i o n s  of HCOOH d e v e l o p e d  
i n  r e d u c t i o n  o f  C02 are  n o t  h i g h  enough t o  y i e l d  fo rma ldehyde  from 
C O z 0  BeS04 e l e c t r o l y t e  w i t h  c a t h o d e s  of  Hg o r  Pb gave  t h e  b e s t  
t es t s ,  No y i e l d s  o f  methanol  o r  methane  have been o b t a i n e d  e v e n  
though  t h e y  have  been  r e p o r t e d  i n  t h e  l i t e r a t u r e O 8 o 1  As opposed 
t o  t h e  r e f e r e n c e s  on good r e d u c t i o n ,  i t  s h o u l d  b e  p o i n t e d  o u t  t h a t  
t h e r e  i s  p r e c e d e n t  i n  t h e  l i t e r a t u r e  f o r  o u r  d i f f i c u l t y  i n  re-  

f o r m i c  a c i d 2  and f o r  f a i l u r e  t o  r e d u c e  C O 2  beyond f o r m i c  % f ; ? n g  Even when d i r e c t  chemica l  r e d u c t i o n s  w i t h  magnesium were 
p e r f o r m e d ,  y i e l d s  o f  formaldehyde  were r e p o r t e d  as v e r y  small ,9 

If t h e  c o n c e n t r a t i o n  of o r g a n i c  p r o d u c t  c a n  b e  b u i l t  u p  i n  
f u r t h e r  deve lopmen t ,  s e p a r a t i o n  o f  s u c h  compounds s h o u l d  b e  s t u d i e d .  
S i n g l e  s t a g e  d i s t i l l a t i o n  would n o t  e f f e c t  s e p a r a t i o n ,  l5 A d s o r p t i o n  
on a f i x e d  o r  moving bed o f  a c t i v a t e d  c h a r c o a l  s h o u l d  be  g i v e n  
c o n s i d e r a t i o n  on t h e  b a s i s  of f a v o r a b l e  c i t a t i o n  of  s u c h  p r o -  
cesses 0 2 1 , 1 4  
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VI CONCLUSIONS 

I t  h a s  been d e m o n s t r a t e d  t h a t  c a r b o n  d i o x i d e  migh t  b e  re- 
duced  t o  f o r m i c  a c i d  i n  c o n c e n t r a t i o n s  up  t o  1 o r  2 p e r  cent and  
w i t h  cou lombic  e f f i c i e n c i e s  up t o  2 0  p e r  c e n t  and measured  e n e r g y  
e f f i c i e n c y  of  a b o u t  3 p e r  c e n t  i n  t h e  case o f  r u n  2 0 3 .  R e d u c t i o n  
t o  fo rma ldehyde  h a s  been  r e g u l a r l y  a c c o m p l i s h e d  w i t h  mercu ry  
c a t h o d e s  2nd beryllium s u l f a t e  a n ~ l y t e s  b u t  ~ n ? y  w i t h  h i g h e r  con= 
c e n t r a t i o n s  of f o r m i c  ac id  and n o t  d i r e c t l y  f rom c a r b o n  d i o x i d e .  
S i n c e  c o m p e t i t i v e  s y s t e m s  o p e r a t e  a t  h i g h e r  e n e r g y  e f f i c i e n c i e s  
and s i n c e  a workab le  sys t em f o r  c o n t r o l  of  c a b i n  a t m o s p h e r e s  by 
c a t h o d i c  r e d u c t i o n  r e q u i r e s  p r o d u c t i o n  o f  a t  l e a s t  5 0 %  formallde- 
hyde ,  f u r t h e r  work on t h i s  system was n o t  deemed f e a s i b l e ,  
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